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FOREWORD 
This  volume contains t h e  proceedings of t he  Fourteenth Annual Conference 
on Manual Control held a t  t h e  University of Southern Cal i forn ia  a t  Los Angeles 
from Apri l  25 to  27, 1975. This r epor t  conta ins  complete manuscripts of most 
of t h e  papers presented a t  the  meeting. 
This was t h e  fourteenth i n  a series of conferences d a t i n g  back t o  
December 1964. These earlier meetings and t h e i r  proceedings are l i s t e d  below: 
F i r s t  Annual NASA-University Conference on Manual Control, The University 
(Proceedings not pr inted.)  of Kichigan, December 1964. 
Second Annual NASA-University Conference on Manual Control, NIT, February 
23 t o  March 2, 1966, NASA SP-128. 
Third Annual NASA-University Conference on Yfnual Control,  University of 
Southern Ca l i fo rn ia ,  Piarch 1-3, 1967, NASA SP-144. 
Fourth Annual NASA-University Conference on Manual Control,  The Univer- 
s i t y  of Michigan, March 21-23, 1968, NASA SP-192. 
F i f t h  Annual NASA-University Conference on Planual Control,  MIT, March 27- 
29, 1969, NASA SP-215. 
S ix th  Annual Conference on Manual Control, Wright-Patterson AFB, Apri l  7- 
9,  1970. 
Seventh Annual Conference on Manual Control, University of Southern 
Ca l i fo rn ia ,  June 2-4, 1971, NASA SP-281. 
Eighth Annual Conference on Manual Control, Unjversity of Michigan, Ann 
Arbor, Michigan, May 17-19, 1972. 
Ninth Annual Conference on Manual Control, Massachusetts I n s t i t u t e  of 
Technology, May 23-25 , 1973. 
Tenth Annual Conference on Manual Control,  Wright-Patterson AFB, April  
9-11, 1974. 
Eleventh Annual Conference on Manual Control,  NASA-Ames Research Center, 
May 21-23, 1975, NASA TM X-62,464. 
Twelfth Annual Conference on Efanual Control, University of I l l i n o i s ,  
May 25-27, 1976, NASA TkI X-73,170 
Thir teenth Annual Conference on Manual Control, Massachusetts I n s t i t u t e  
of Technology, June 15-1.7, 1977. 
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SESSION A :  MANUAL TRACKING EXPERIMENTS 
Chairman : D.  Kleinman 
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DIRECTIONAL ERRORS OF MOVEMENTS 
AND THEIR CORRECTION I N  A DISCRETE TRACKING TASK 
Robert J. Jaeger  
Cyan C. Agarwal 
Gerald L. Got t l ieb  
College of Engineering 
Chicago, I l l i n o i s  60680 
Universi ty  of I l l i n o i s  a t  Chicago Circle 
and 
Rush Medical Center 
Chicago, I l l i n o i s  60612 
ABSTRACT 
The human opera tor  is prone t o  making e r r o r s  i n  quick choice reac t ion  
time tasks.  Many s t u d i e s  have shown t h a t  sub jec t s  can co r rec t  t h e i r  own 
errors of movement more quickly than they can r eac t  t o  ex te rna l  s t i m u l i .  I n  
t h e  cont ro l  of  movements, th ree  general  ca t egor i e s  of  feedback have been 
defined a s  follows: 1 )  Knowledge of r e s u l t s ,  p r i m a r i l y  v i s u a l l y  mediated, 2) 
Propriocept ive o r  k inaes the t i c  such a s  from muscle sp indles  and j o i n t  recep- 
to r s ,  and, 3) Corol lary discharge o r  e f fe rence  copy wi th in  the  cen t r a lne rvous  
system. 
e f f e c t s  of these  feedbacks on s i m p l e  reac t ion  time, choice reac t ion  time, and 
e r r o r  co r rec t ion  time. The  movement used was p lan tor f lex ion  and do r s i f l ex ion  
of the ankle  j o i n t .  The feedback loops wcre modified, 1) by changing the s ign  
of the v i s u a l  d i sp lay  t o  a l t e r  the  s u b j e c t ' s  percept ion of results, and 2) by 
applying v i b r a t i o n  a t  100 Hz simultaneously t o  both the  agonis t  and an tagonis t  
muscles of t he  ankle j o j n t .  
the sub jec t s  were given moderate doses of alcohol  (blood a lcohol  concent ra t ion  
l e v e l s  of up t o  0.07%). 
Vibrat ion and a lcohol  increase both the s i m p l e  and choice reac t ion  times. 
However, t he  e r r o r  cor rec t ion  time is not inf luenced by e i t h e r .  This  da ta  
r e in fo rces  the concept t h a t  there  is a cen t r a l  pathway which  can mediate e r r o r  
co r rec t ing  responses. 
Experiments were conducted on four  normal human s u b j e c t s  t o  s tudy the  
The c e n t r a l  processing was i n t e r f e r e d  wi th  when 
INTRODIICT I O N  
The human opera tor  is prone to  making e r r o r s  i n  . I  quick clioice reac t ion  
time (Kl) t a s k .  
co r rec t  them is an important cons iders t  ion i n  many I n d u s t r i a l  tasks .  
s t u d i e s  have shown tha t  sub jec t s  can cor rec t  e r r o r s  of  m vement more quickly 
The speed with w h i c h  t h e  operator  cain recognize e r r o r s  arid 
Many 
5. 
3 ~' 'MTENTIWWL;;~ ,, - 
t h a n  they can react  t u  ex t e rna l  s t i m u l i .  (For a review of t h e  l i t e r b t . f i ? t  9 ~ '  
Schmidt, 1975, 1976; Angel, 1976; Schwidt 6 Gordon, 1977.) 
In  the  cont ro l  of movement by s k e l e t a l  muscles, three general  n : . g o r i e o  
of feedback have been i d e n t i f i e d  (Evarts ,  1971). These feedbacks ai ' sc  95 
Follows: f irst ,  "knowledge of resul.ts" from the  ex terna l  environment 1; ! r'. . 
marily v lsua l l>*  mediated. Second, proprioception from in te rna l  recep!.ors 
s t imula ted  as a consequence of muscular cont rac t ion  and j o i n t  ro t a t ion  is 
pr imar i ly  sp indle  and joint receptor  mediated. 
"coro l la ry  discharge" (Von Holst ,  1953) from s t r u c t u r e s  and pathways wi th in  
the c e n t r a l  nervous system may opera te  before  muscle cont rac t ion  occurs.  
C u r r e n t l y ,  t he  f irst  and second ca t egor i e s  of feedback a r e  pe rhaps  
b e t t e r  utiderstood than the t h i r d ,  although the  r o l e  of e f fe rence  copy i n  
saccadic  eye movements has  received considerable  a t ten t ion  (Robinson, 1971, 
1976; Lehmann, 1971). These th ree  ca tegor ies  of feedback may be anatomical ly  
interconnected, e spec ia l ly  the  propriocept ive and ef fe rence  copy mechanisms 
(Oscarssoo, 1970). I t  i s  postulated t h a t  t he  c e r e b e l l a r  a n t e r i o r  lobe is 
important for cor rec t ing  e r r o r s  i n  motor a c t i v i t y  e l i c i t e d  from the  ce reb ra l  
cor tex  and ca r r i ed  out by command s i g n a l s  through pyramidal and extrapyramidal 
pathways . 
1976) has attempted t o  quan t i t a t ive ly  approach ef fe rcnce  copy by measuring 
RTs t o  cor rec t  movement e r r o r s  and the  accuracy of  these cor rec t ions .  It has  
a l s o  been noted (Poulton, 1974) t h a t  t he  many s t u d i e s  which have measured RTs 
for  the cor rec t ion  of movements have found these times t o  range from essen- 
t l a l l y  zero  t o  i n  excess of 300 mill iseconds.  
hypothesized tha t  t h c  three general  ca tegor ies  of feedback each have t h e i r  
own range  of operat ing times which together  cont r ibu te  t o  the o v e r a l l  w i d e  
range of these times. 
measurements were rnade, a tr imodal d i s t r i b u t i o n  might be found. The minimum 
tluratlon for  processing v isua l  Feedback from a movement appears t o  be over 190 
msec (Keel 8 Posner, 1 9 6 8 ) .  The k inaes the t i c  RT is of t he  order  of 120 msec 
(Chernikofl & Taylor, 1952). 
"Functional S t re tch  Reflex" (Melvi l le  Jones 6 Watt, 1971; Evarts,  1973; 
Got t l leb  & Agarwal, 1978). Dewhurst (1967) has  repcr ted values o f  k inaes the t i c  
RT based on recordings o f  rnuscle a c t i v i t y  i n  the  Liccpa a s  sho r t  as 50 msec. 
However, he d id  not g l v r  any range f o r  k inaes the t i c  RT o r  the  mean va lue  i n  
his experiments . 
The experiments of t h e  present study were designed t o  enable comparison 
of cor rec t ion  times measured under normal condi t ions with those measured under 
condi t jons i n  which the propriorept ivc mechanisms was interfered with.  Xt was 
possible  t o  do t h i s  h y  a p p l y € n g  v ib ra t ion  t o  the tendons of the  muscles 
involved. (Hagbarth & E:.lund, 1966; Goodwin. McCloskey & Matthews, 1972; 
Nc*Closkc*y, 1973; Craske, 1977). I n  some experiments, r e n t r a l  processing was 
interfered w i t h  when the subjects were given moderate doses of a lcohol  (blood 
alcohol concentrat ion fBhC) levels o f  up to  0.072). 
sivL e f f e c t  mi tht* CNh wich as a general anes the t i c  doe8 and the dcgree cif 
depression appr'rlrs t o  bc dose re la ted  Il4nllg:rcn 6 Barry, 1970.) 
Third,  "ef Ferertce copy" o r  
Recent work of Angel and h i s  col leagues (Angel i Higgins, 1969; Angel, 
Since a r a the r  w i d c  range of e r r o r  co r rec t ion  times exis ts ,  i t  could be 
Under t h i s  hypothesis,  i f  a s u f f i c i e n t  number of 
This  R T  is of the  same order  as the  time f o r  
ALcotiol fr-oduees a depres- 
Four sub jec t s  were used in the  present study. Two of the  sub jec t s  (GCA 
and GLG) had extensive prcvious experience with the  experimental  apparatua 6 8  
subjec ts  i n  o the r  t racking t y p e  experiments, while the o the r  two s u b j e c t s  had 
no such experience. 
o the r  sub jec t s ,  
apparatus  has been used i n  s eve ra l  s tud ies ,  €or  d e t a i l s  see Agerwal 6 Got t l icb ,  
1977). 
disp lay  posit ioned a t  a s l i g h t  angle  i n  f r o n t  of h im,  
strapped to a one degree of freedom foot pedal ( r o t a t i o n  i n  plantar-dorsal  
d i r ec t ions )  with Velcro s t r aps .  Self  adhesive sur face  e l ec t rodes  were posi- 
t ioned over the soleus and a n t e r i o r  t i b i a l  muscles t o  record the  electromyo- 
grams (EMGs) of these muscles. 
ju,et  proximal t o  the  knee. 
before recording on the  d i g i t a l  t ape  ah a sampling rate of 500 per  see. 
dot  which was under t h e  cont ro l  of the computer. 
proximately 2 m diameter. 
any i n s t a n t  of time, e i t h e r  i n  t he  center  of t he  screen  o r  k 4 . 0  ern v e r t i c a l l y  
away from the center .  
cont ro l  of the sub jec t .  It was focused to  a s h a r p  point  approximately 0.5 mm 
i n  diameter. 
along: the  v e r t i c a l  axis of the osc i l loscope .  The c r u c i a l  pert of t he  expasl- 
ment was t he  "polarity" of t h e  subjec ts '  con t ro l  o f  the  response dot .  This  
p o l a r i t y  was under the con t ro l  of the  computer, 
meant t h a t  when the  subjec t  moved the pedal clown (up) the  response dot also 
moved down (up) .  Inverted o r  negative p o l a r i t y  meant t ha t  when the  subjec t  
moved the  pedan down (up),  t h e  response dot  insvcd up (down). The purpose a€ 
t h i s  provision for  po la r i ty  r eve r sa l  was do decouplc the propriocept ive feed- 
back from the  v i s u a l  feedback and induce t h e  sub jec t  to make errors in move 
ment. 
(1965) and Angel and Higgins ( 1 9 4 9 ) .  
The! t a rge t  doc WRP cont ro l led  by t h e  computer as follows. The experiment 
began w i t h  the  t a r g e t  do t  In the  center. 
the tazget; dot  mepped randomly up or  down, '&he naw pos i t ion  was maintained 
f o r  a random perlad of 3 t o  S sec and then returned t o  center. 
t r i a l s  s tepping Out and re turn ing  to zero were performed a t  normal polar i ty .  
Following these  ten l n i t i e l  trials, the computer reversed the  pn la r i ty  ob t he  
response dot .  
po la r i ty ,  after  which, t he  p o l a r i t y  aga in  reversed f o r  the' next group of 
t r ia l s .  The! response immediately following a p o l a r i t y  r eve r sa l  we8 always 
diecarded, since it could ba expected to  contain a higher  proportion of  
v i sua l ly  mediated error corrections than o the r  reaponsea. 
This schemcn o f  t a r g e t  do t  movement a l so  provided the  opportuni ty  to  study 
e i q h  and choice RTa, slnco the majori ty  of responses wero correc t .  When t h e  
ta rge t  dot moved from the  cen te r ,  i t  moved randomly up or down, forc ing  the  
subject l o  choose before reac t ing .  When the target dot  next moved, i t  always 
P a r t s  of these  experiments were also done on severa l  
A schematic of the  experimental  appara tus  i s  shown i n  Figure 1. (This 
The subjec t  sa t  i n  an ad jus t ab le  height  c h a i r  fac ing  an osc i l loscope  
His r i g h t  foot  was 
A ground e l ec t rode  was placed on the th igh  
The EMGs were f u l l  wave r e c t i f i e d  and f i l t e r e d  
The osc i l loscope  d isp lay  cons is ted  of two dots .  The f i r s t  was the  target 
I t  was defocirssed to  ap- 
This do t  assumed only one of three pos i t i ons  at  
The second dot  was the response dot  which was under t h e  
The subjec t  could vary the pos i t i on  of t h e  dot continuously 
Normal or  pos i t i ve  po la r i ty  
The use of po la r i ty  reversal has  been previously described by Gibbs 
After a random delay o f  3 to  5 ~ e c ,  
Ten i n i t i a l  
A random number (8 to 12) t r i a l s  were perOomed a t  t h e  reveised 
returned t o  zero,  allowing the  subjec t  t o  make a simple reac t ion .  
of the t a rge t  dot as quickly a s  possible  w i t h  as niuch accuracy a s  possible ,  
but ta  favor a f a s t  response. 
model ITMT-18, Heiwe Elec t ronic  Indus t r i a l  Comp., Japan) were at tached t o  t h e  
distal tendons of soleus and a n t e r i o r  t i b i a l  muscles ( j u s t  above the  ankle 
j o i n t )  w i t h  su rg ica l  tape. 
during the t racking task. 
t o  the  body weight such t h a t  the  u l t imate  AAC was i n  the  range of 0.06 t o  
0.07%. The BAC was measured using a Mark I1 Inroximcter (Cas Chromatography 
U n i t  by Intoximetere,  Inc.). 
The measurement of the RTs were done off  l i n e  by  displaying the  Lndivi- 
dual  responses on a four channel osc i l loscope  using a cursor  t o  i nd ica t e  th? 
time measurement a f t e r  the i n p u t .  The accuracy of these measurements is 
equal t o  the sampling i n t e r v a l ,  i . e . ,  2 msec, The RTs measured are indicated 
i n  Figures 2 and 3. 
The s t a t i s t i c a l  ana lys i s  included means and var iances  of the sample data  
and the t - t e s t  of equal i ty  of t h e  means of two samples wSoae variances are 
assumed t o  be unequal (Sokal & Rohlf, 1969, Chapter 13) .  
The sub jec t s  were in s t ruc t ed  t o  make the response dot  follow t h e  movement 
I n  t h e  v ib ra t ion  expcrirnents, two Hagbarth type v i b r a t o r s  ('I'VE v i b r a t o r  - 
T h e  v i b r a t o r s  were operated a t  lG3 Hz continuously 
I n  t h e  a lcohol  experiments, the  sub jec t s  were given alcohol  proport ional  
RESULTS 
Data were co l lec ted  on sepa ra t e  days for  each subject  and for each exper- 
imental paradigm. The f i r s t  day experiment was always under normal condi:ions. 
Typical responses a r e  shown i n  Figure 2 fo r  a cor rec t  response I n  a chr3ice RT 
and f o r  e r r o r  responsc i n  Figure 3. The four t r aces  a re  t h e  a igu la r  r o t a t i o n  
(8 )  * EMGe of the a n t e r i o r  t i b i a l  (AT) and e~strocnernius-snleu8 (GS) muscles 
and the angular ve loc i ty  ( 8 ) .  The angular veloci ty  was obtained by d i g i t a l  
d i f f e r e n t i a t i o n  o f  angular r o w t i o n .  
tile e r r o r  reac t ion  time (EKT),  and the e r r o r  correct:on tiwe (ECT) werc 
measured using both the M G  and ve loc i ty  data .  
the  EMC r e l a t ed  measurements a r e  reported.  
been a,xactLy the same using the ve loc i ty  data .  
t ione  with pos i t ive  and negative po la r i ty  movements. 
subjec t  GA, end CG's SRT, t he  RTe f o r  the other  t h ree  sub jec t s  with pos i t i ve  
and negative po la r i ty  were not s i g n i f i c a n t l y  c l i l ferent .  
a s l i g h t  increuere in t h e  Rrs with twgative po la r i ty .  Since  the  RT d i f f e rences  
w i t h  a lcohol  and vibra t ion  were more s i g n i f i c a n t ,  the  pos i t i ve  and negat ive 
polarity data  w a s  limped together .  
tha t  i n  general, alcohol aca well N S  v ib ra t ion  incxcaeed the S W .  This Is a l s o  
true Par CRT shown i n  Table 111. 
normal and altered condi t ions.  Z n  Table IT, s i x  out of e ight  t - t e s t  values  
are s i g n i f i c a n t  a t  P 0.01 level.  I n  Table IIT, seven out o f  e ight  t-test 
valuee a r e  s i g n i f i c a n t  a t  P 0.01 level. 
The simple and choice RTs (SRT d CRT). 
In t h a  following tab les  only 
The f ina l  conclusions would have 
Table I shows the simple and choice reaction times under normal eondi- 
With  the exception o f  
Zn general  thcre  was 
Table I1 shows SRTs for  a l l  sub jec t s  i n  th ree  paradigm condi t ions.  Note 
The t-test comparisons are made be:r,n t h e  
Table IV shows t h e  e r r o r  rccc t ion  times i n  t h e  t h ree  paradigm condi t ions.  
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Most e r r o r s  occured i n  the  choice reac t ion  condi t ion.  
l y  l a r g e r  number of e r r o r s  with negative po la r i ty  than with pos i t i ve  p o l a r i t y  
feedback. The e r r o r  rates f o r  t h e  two condi t ions ranged between 16% and 33%. 
In  these da ta ,  four out  of e igh t  t-test values show s i g n i f i c a n t  d i f f e rences  a t  
P < 0.01 l eve l .  
RT under normal conditions.  Note t h a t  e r r o r  RTs are l a r g e r  than the  choice 
RTs and only one out  of four  t-test values show s i g n i f i c a n t  d i f fe rences  a t  
P < 0.01 l eve l .  
Table V I  shows the e r r o r  cor rec t ion  times f o r  t he  four  sub jec t s  under 
our th ree  paradigms. 
choice o r  e r r o r  RT. 
condi t ions show s igni f icance  a t  P < 0.01 leve l .  
combined e r r o r  rates f o r  a l l  subjec ts .  The v ib ra t ion  input  did not in f luence  
the e r r o r  rates. Alcohol tended t o  increase  the e r r o r  rates i n  three  out  of 
four  subjec ts  but  t he  t-test values do not i nd ica t e  any s igni f icance .  For  
n = 4 the t-test values are not  very meaningful. 
There was a s ign i f i can t -  
Table V compares the da ta  from Tables I11 and I V  f o r  choice RT and e r r o r  
The e r r o r  correc:ion time is s i g n i f i c a n t l y  less than the  
None of t he  eigiit t-test values between normalandal te red  
Table VI1 shows the e r r o r  rates f o r  individual  e;:periments as  wel l  a s  
DISCUSS ION 
The paradigm of incompatible d isp lay  has  been used by Gibbs (1965), Angel 
& Higgins (1969), and Angel (1976). There is a c l e a r  increase  i n  the  SRT as 
w e l l  a s  CRT with negative p o l a r i t y  display (Table I) .  
S igni f icant  a t  P < 0.01 level f o r  sub jec t s  GA and CG whose RTs were fastest. 
The s igni f icance  of pos i t i ve  and negat ive p o l a r i t y  disappeared with increased 
RT of subjec t  RJ and FM. 
as compared t o  the normal condi t ion (Tables I1 and 111). 
reviewed the l i t e r a t u r e  on the  e f f e c t s  of a lcohol  on psychological proce'sses 
and concluded t h a t  i n  most s tud ie s ,  RT i s  lengthened a t  r e l a t i v e l y  low blood 
alcohol  leve ls .  
i n  the con t r ac t i l e  a c t i v i t y  of the agonis t ,  caused by autogenous r e f l e x  exci-  
t a t ion  of the 'a lpha motoneuron (Hagbarth & Eklund, 1966). 
involuntary movements and i l l u s i o n  of movements (Goodwin et  a1 1972; McCloskey, 
1973; Craske, 1977). In  our experiments, v ib ra to r s  were a t tached  t o  bo th  
agonist-antagonist  tendons and sub jec t s  repotted numbnessin the vibrated ankle  
j o i n t .  The s ign i f i can t  increase i n  t he  SRT and CRT with v ib ra t ion  could indi-  
c a t e  t ha t  l a rge  i r r e l e v a c t  pos i t ion  s igna l s  from the  v ibra ted  j o i n t  delays 
processing cf v isua l  information and command se l ec t ion .  
Tables XV and V show t h a t  t he  choice reac t ion  time and the e r r o r  reac t ion  
time ( i n i t i a l  movement i n  the  wrong d i r ec t ion )  are not  s i g n i f i c a n t l y  d i f f e r e n t  
under normal conditions.  This agrees  with Gibbs (1965) f ind ings  t 4 a t  t he  
response l a t enc ie s  of cor rec t  and inco r rec t  responses were v i r t u a l l y  equal  on 
equiprobable steps. Although the  response l a t enc ie s  f o r  the  four  subjec ts  are 
s i g n i f i c a n t l y  d i f f e r e n t ,  there is no co r re l a t ion  between the response l a t e n c i e s  
and the e r r o r s  of subjec ts  ( see  Table VII) ,  i .e . ,  the  subjec ts  who responded 
most rapidly d id  ,lot make the most e r r o r s  (Gibbs, 19b5). The ERT i n  most 
cases i s  longer than the  CRT, suggest ing t h a t  there  was no temporal an t i c ipa -  
This increase  was 
Vibration and alcohol  increases  both the  SRT and CRTforcorrect  movements 
Carpenter (1962) has  
Vibration of a tendon i n  humans causes a predic tab le  increase  
This  leads  t o  
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t i o n  of t he  t a r g e t  (A paradigm which has  been used by Schmidt and Gordon (1977) 
i n  t h e i r  s tudy) .  
inf luenced (increased) by v i b r a t i o n  and alcohol ,  t he  e r r o r  cor rec t ion  times 
are not s i g n i f i c a n t l y  a f f ec t ed  as  given in Table V I .  
t i o n  time is  shor t e r  than the  CRT f o r  ind iv idua l  sub jec t s .  
ment with f ind ings  by Gibbs (1965), Rabbitr  (1966), and Angel and Higgins 
(19691, Megaw (1972), and Angel (1976). 
paradigm condi t ions  are shown i n  Figure 4. 
most experience i n  t racking s tud ie s ,  most e r r o r s  are cosrected i n  less than 
250 msec, i .e.,  less than t h e i r  normal choice r eac t ion  times. 
a s i g n i f i c a n t  number of ECTs are  l a r g e r  than 250 msec. For subjec t  FM, h i s  
RTs were the  slowest and l a r g e r  percentage of ECTs are above 250 msec. 
The conclusion of Higgins & Angel (1970) and Angel (19:16) t h a t  t he  o r i g i n  
of feedback from error responses is c e n t r a l  r a the r  than kinaest!rt t ic is rein-  
forced by the  invariance of ECTs with v ib ra t ion  on the  limb. 
increases  the  SRTs and CRTs which i m p l i e s  an inf luence  of t he  ! e r iphe ra l  input  
i n  motor command decis ion making. 
Alcohol which is known t o  produce a depressive e f f e c t  on the CNS a l so  
increases  the  SRTs and CRTs but  does not s l g n i f i c a n t l y  inf luence  the ECTs with  
BAC levels of 0.07% or less used i n  these  experiments. 
The s u r p r i s i n g  r e s u l t  of t h i s  study is t h a t  whereas the  SRT and CKT are  
The average e r r o r  correc- 
This  is i n  agree- 
The histograms of e r r o r  cor rec t ion  times f o r  the  four  subjec tsunder  t h r e e  
For sub jec t s  GA and GG who had the  
For sub jec t  R J  
‘!‘!le v i b r a t i o n  
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TABLE 1: Effecc of Display Polar i ty  on Simple and Choice II Reaction Times  
Pos i t ive  Polar i ty  NEGATIVE POLARITY 
N -- SUBJ MEAN SD N t MEAN SD - 
GA 216 
GG 222 
RJ 270 
FM 359 
GA 235 
GG 256 
RJ 268 
FM 338 
32 
51 
76 
75 
57 
42 
80 
76 
Simple  Reaction Times  
113 -3.99* 248 
129 -2.52* 240 
130 -1.42 283 
133 0.59 354 
Choice Reaction Times 
98 -2.79* 272 
111 -2.00 271 
83 -1.12 282 
112 -1.46 359 
78 
71 
78 
69 
102 
70 
84 
69 
*P < 0.01 
-- TABLE 11: Simple Reaction Times 
V IBRAT 1 ON NORMAL 
110 
164 
156 
161 
73 
122 
90 
112 
ALCOHOL 
N 
GA 246 45 150 -5.99* 219 39 233 -4.48* 235 42 297 
RJ 316 92 156 -4.50* 277 77 286 -7.75* 333 96 269 
FM 371 79 274 0.58 375 86 294 -5.68* 420 98 256 
GG 311 84 164 -10.46* 232 64 293 -1.24 240 54 290 
MEAN SD -SUBJ MEAN SD N t MEMI SD N t 
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TABLE 111: Choice Reaction Times 
VIBRATION 
- SUBJ MEAN SD N 
GA 317 111 131 
RJ 333 83 98 
FM 409 96 211 
GG 330 85 136 
VIBRATION 
- SUBJ MEAN SD N 
GA 274 60 19 
RJ 342 65 55 
FM 387 75 59 
GG 332 84 32 
NORMAL ALCOHOL 
t MEM SD N t MEAN SD *. 
-5.58* 253 80 171 -0.64 258 59 152 
-5.27* 277 86 173 -8.25* 355 88 166 
-7.43* 348 73 224 -11.28* 443 100 212 
-6.98* 272 61 233 -3.34* 288 61 230 
TABLE I V :  Error Reaction Times 
NORMAL ALCOHOL 
t MEAN SD N t MEAN SD N 
-1.03 257 62 47 -0.56 263 59 104 
-2.90* 311 55 80 -3.57* 343 69 111 
-1.83 363 72 68 -5.72*. 4 4 3  70 41 
-2.42* 289 63 42 -0.08 290 60 45 
TABLE V: Comparison of CRTS-with ERTS under !?orma1 Conditions 
CHOICE EmOR 
REACTION TIMES REACTION TIMES 
- SUBJ MEAN SD N t MEAN SD N 
GA 253 80 171 -0.37 257 62 47 
KJ 277 86 173 -3.79* 311 55 80 
FM 348 73 224 -1.50 363 72 68 
GG 272 61 233 -1.62 289 63 42 
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TABLE VI: Error Correction Times I_- 
VIBRATION NORMAL ALCOIIO?, 
- SUBJ MEAN SD N t MEAN SD N t MEAN SD N 
GA 137 69 19 0.32 143 72 47 0.67 135 59 104 
E2M 259 72 59 2.18 293 103 68 2.23 251 90 41 
GG 170 84 32 -0.05 169 72 42 -0.68 150 74 4 5  
TABLE VII: Rate of Errors i n  Percent 
SUSJ 
GA 
RJ 
ni 
GG 
-
MEAN 
SD 
N 
VI B RAT1 OX 
0.063 
0.173 
0.110 
0.096 
VIBRATION 
0.112 
0.048 
4 
NOPS.IAL 
0.107 
0.143 
0.116 
0.074 
t - 
-0.04 
ALCOHOL 
0.188 
0.203 
0.081 
0.080 
NORW t ALCOHOL 
0. Il l  -0.74 O. 138 
0,030 0.067 
4 4 
I- 
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Figure 1 
A schematic of the  experimental  apparatus .  Electromyograms (EMGs) are 
measured using disk sur face  e lec t rodes  placed over t he  b e l l i e s  of the  gastro-  
cnemius-soleus and a n t e r i o r  t i b i a l  muscles, EMG ampl i f ie rs  (A) are differen-  
t i a l  ampl i f ie rs  (bandwidth 60-600 Hz) , f il t e r o  (F) are t h i r d  order  averaging 
(10 msec averaging t i m e ) ,  d i sp lay  osc i l loscope  0)  is a dual-beam Tektronix 
502, d i g i t a l  computer (C) Is a General Automation SPCO16/65. The torque 
motor 01) and the  torque measurements (7) were not used in these  experiments. 
The angular ro t a t ion  ( 8 )  is measured by a continuous transformer-type 
transducer,  t h i s  s igna l  is fed i n t o  t h e  computer on an A/D input  channel 
mul t ip l ied  by +1 or -1 and outputed on D/A channel. This  channel is operated 
independent of the  da t a  channels a t  a rate of 1 KHz. 
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Figure 2 
Typical response i n  a choice reaction with a d i sp lay  gain of +1 and a 
movement frop central  pos i t ion  t o  plantarflexion of the ankle j o i n t .  The 
choice reaction time (CRT) I s  measured from the jump of the target to  the 
f i r s t  EMG burst i n  gastrocnemius-soleus (GS) muscle. 
a c t i v i t y  i n  the anterior t i b i a l  (AT) muscle. Total display time is  1 s ec .  
There i s  no E;MG 
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Figure 3 
Typical response i n  error movement and subsequent correct ion.  The 
display polar i ty  is again + I .  
correction time (ECT) are measured from the i n i t i a l  burst i n  the antagonist 
and agonist rumle EElGs. 
The error reaction time (ERT) and error 
Total display t ime is 1 sec. 
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Figure 4 
Histograms of the error correction rimes (ECTs) for the four subjects 
under normal ( N ) ,  alcohol (A) and vibration (VI input paradigms, The time 
interval  on abcissa i s  SO0 msec. (continued on next page) 
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Figure 4 (continued) 
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A STUDY OF THE EPFECT 0;' FORCING FUNCTION CIIARACTER1S:P"X 
OM HUMAN OPERATOR DYNAMICS IN MANUN, CONTROL 
by Kyuichiro Washim*, Keiji Tanaka** and Tatsuo Osawa* 
"Department of Aeronaut ics, University of Tokyo, Tokyo, 
**instrumentation and Control Division, National Aerospace 
Laboratory, Chofu, Tokyrl 
This pager- dea l s  uitC the  e f f e c t  of t he  ;ImArcm of thc forc ing  i'twc- 
t i o n  on t h e  human p i l o t  dyrtamics i n  manual cont ro l .  A simple compensatory 
t racking  experiment was condx ted ,  where the  controlled element was of a 
second-ordcr dynamics and the forc ing  funct ion was a random noise having n 
donintint rrequency. The dominant frequency and t h e  power of the forc ing  
function were two vorriuble parameters during o w  experiment. 
not only on the dynamics of t h e  cont ro l led  element, but also on the charnc- 
t e r i s t i c a  of t h e  forcin(j  funct ion.  
havior should be expreaoed by t h e  transfer function tak inf :  i n t o  considerat ion 
h i s  a b i l i t y  t o  scnse and pred ic t  t h e  forcing, funct iou.  
The r e s u l t s  show that  t h e  human p i l o t  descr ibing funct ions a r e  dependent 
T h i s  suggests that the human p i l o t  te -  
A i j ( k )  
B beckvwd s h i f t  operator 
c ( t ) ,  c(n) humem p i l o t  output  
d3 decibei 
e ( % ) ,  eCn) dispfayed error 
i ( t ) ,  i ( n )  forcing function 
element of k - t h  actoregrcsaive c o e f f i c i e n t  m a t r i x  
s t a t i c  gain of forc ing  function f i l t e r  Kf 
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order of  autoregressive model 
cont ro l led  element output 
var iab le  of Laplace transform 
control led element 
forcing function f i l t e r  
human p i l o t  descr ibing function 
sampling i n t e r v a l  
damping of forc ing  funct ion f i l ter  
damping o f  cont ro l ied  element 
power of forc ing  function 
undamped n a t u r a l  frequency of' fo rc ing  funct ion 
undamped n a t u r a l  freqiiency of cont ro l led  element 
It is  w e l l  known t h a t  when a human p i l o t  cont ro ls  t h e  system, h i s  
control  behavior depends on t h e  c h a r a c t e r i s t i c s  of  t h e  forc ing  function t o  
t h e  system as well as of t h e  cont ro l led  element i t se l f .  A g r e a t  number of  
papers have been published on t h i s  problem. 
Concerning t h e  e f f e c t  of  t h e  c h a r a c t e r i s t i c s  of t h e  cont ro l led  el l e n t  
on p i l o t  behavior, Washizu and Miyajima (reference 11, and Coto and WF J1. Izu 
(reference 2 )  pointed out  i n  ci series o f  study on manual cont ro l  of a aecond- 
order system t h a t  t h e  human p i l o t  t akes  no t i ce  of t h e  p e r i o d i c i t y  i n  t h e  
response of t h e  cont ro l led  element, i f  any, and makes use o f  it t o  improve 
h i s  con t ro l  performance. 
On t h e  o the r  hand, concerning t h e  e f f e c t  of t h e  forc ing  function on 
p i i o t  behavior, McRuer and Krendel ( reference 3 )  pointed ou t  t h a t  as t h e  
bandwidth of t h e  forcing funct ion increases ,  t h e  e f f e c t i v e  time delay re- 
duces probably due t o  t h e  muscular reac t ion  c h a r a c t e r i s t i c s  uf  t h e  human 
p i l o t .  
forcing function spectrum on t h e  human p i l o t  dynamics i n  manual con t ro l .  A 
simple compensatory t racking experiment was conducted, where t h e  cont ro l led  
element was of t h e  second-order dynamics and t h e  forcing function was a 
random noise having a dominant frequency. 
power of t h e  forcing funct ion were two v a r i a b l e  p a r m e t e r s  during t h e  experi-  
The purpose of t h e  present paper i s  t o  inves t iga te  t h e  e f f e c t  of  t h e  
The dominant frequency and t h e  
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ment. 
c o e f f i c i e n t s  i d e n t i f i e d  using t h e  Akaike's F ina l  Predict ion Error method. 
P i l o t  descr ib ing  funct ions were derived from t h e  au toregress ive  model 
EXPERIMENT 
The ::ystem of our experiment was b u i l t  up w i t h  an analogue computer, an 
osc i l loscope  and a con t ro l  s t i c k  with a r e s to r ing  spr ing.  
i s  as shown i n  f igure  1. 
by a l i n e  segment moving v e r t i c a l l y .  
t h e  e r r o r  t o  t h e  bes t  of h i s  a b i l i t y .  
order stable dynamics, and i t s  t r a n s f e r  funct ion w a s  of  t h e  form; 
I ts  block diagram 
The error e ( % )  was displayed on t h e  osc i l loscope  
The p i l o t  was requested t o  minimize 
The cont ro l led  element had a second- 
n 
The damping <n and undamped na tu ra l  frequency Wn of t h e  cont ro l led  element 
wre held f ixed  throughout our experiment, such as, 
tn = 0.1 
9 
u) = &  =: 4.47 ( r ad / sec )  . n 
The shaping f i l t e r  of the forc ing  funct ion a l s o  had a second-order stable 
dynamics as, 
2 
Kfwf 
Y f W  = 2 2 
s +21; w S W  f f  f t 
where t h e  damping Cf  was he ld  f ixed  to 0.1 arid the s t a t i c  gain Kf and t h e  
undamped na tu ra l  frequency Wf were two va r i ab le  parameters. 
noise was transformed i n t o  a forc ing  funct ion having a. dominant frequency 
a f t e r  passing the  filter. 
values  of Wf as, 
Thus, t h e  w h i t e  
The dominant frequency w a s  varied by s e l e c t i n g  t h e  
w = 3.16, 2.24, 1.58 ( r ad / sec )  . f 
We chosc ruir l e v e l s  for t h e  power of t h e  forc ing  funct ion o i 2  by ad jus t ing  
Kf of the  equation, 
2 1  
where uw2 i s  t h e  power of t h e  noise  source. 
The experiment was of  12  cases, namely 3 kinds of' frequencies and )+ 
power l e v e l s  of t h e  forc ing  function, Lnd two runs o f  each case  were pc'rf'orm- 
ed.  
seconds f o r  each runs were recorded, The da ta ,  i ( t ) ,  e ( t ) ,  c ( t )  and m ( t )  
i n  f i gu re  1 were transformed i n t o  d ig i ta l  d a t a  by use of' t h e  NOVA mini- 
computer system. 
l a t i o n s  of t h e  following t i m e  series ana lys i s .  
After suff ic ient ,  excercise, t h e  analog d a t a  of t h e  le l igth of 90 
The F'ACOK 230-75 computer was employed for numerical calcu- 
ANALYSIS 
By the use of t h c  experimental d a t a  thus  obtained, t h e  human p i lo t .  
dcscr ibing funct ions were i d e n t i f i e d  u t i l i z i n g  a time domain technique; t l . , t  
is,  an autoregressivt  model was f i t t e d  t o  t h e  d a t a  by using t h e  Alcaike's 
WPE (Nu l t ip l e  F ina l  Predict ion Er ro r )  method. 
In t h e  f i r s t  place,  t h e  d a t a  were sampled from t h e  analog d a t a  of t h e  
p i l o t  output c ( t )  and the e r ro r  e ( t )  with t h e  sampling interval A ,  which w a s  
set as 0.1 sec.  The sampled d a t a  are denoted by c ( n )  and e ( n ) .  Then, t h e  
autoregressive model of  t h e  form; 
( re ference  4 )  
A i j ( B )  = a (1113 
Bx(n) = x(n-1) 
ij 
w a s  f i t t e d  t o  t h e  given data .  
equation ( 6 ) ,  and A s .  (13)'s i n  equation ( 4 )  are t h e  power series i n  B tllat 
are made up of' t he  nutoregressive model c o e f f i c i e n t s  a i j ( k )  with k going 
from 1 through M. 
i w t h o d .  
CJ I 2  = ~ ~ ~ 1 1  
B is  t h e  backward sh i i ' t  opcrator  as shown i n  
1J 
The order  of t h e  model M i s  determined by the MFPE 
E i ( : l ) ' s  i n  cquation ( 4 )  are mutually independent white noi.ses. 
Once we have succeeded i n  f i t t i n g  t h e  model t o  t h e  given d a t a ,  naniely, 
'... 0, we cn.n compute t h e  pilot, descr ibing function using 
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where Al l (  j w )  and A12( j w )  are obtained from A11(B)  and A12(B) i n  equation ( 4 )  
respec t ive ly ,  by rep lac ing  B with exp(-jwA). 
This method h a s  r ecen t ly  been put i n t o  p r a c t i c a l  use,  and our experience 
i n  using it has proved t h a t  it i s  qu i t e  e f f i c i e n t  and powerful ( re ference  5 ) .  
Application of  t h i s  method t o  our d a t a  was a l s o  successfu l ,  as t h e  est imated 
co r re l a t ion  c o e f f i c i e n t  of  t h e  noise  sources,  a12/ a l l a22 ,  w a s  q u i t e  small. 
RESULTS 
Figures 2 and 3 a r e  examples of  t h e  t i m e  h i s t o r i e s  of t h e  records.  
Note t h a t  i n  f i g u r e  2, namely when t h e  frequency of the  forc ing  funct ion Wf 
was large, it is  not evident t h a t  c ( t )  w a s  a f f e c t e d  by t h e  forc ing  func t ion  
per iodic i ty .  
per iodic i ty .  
was r e l a t i v e l y  small. 
two main s inusoida ls ;  one r e f l e c t e d  t h e  fo rc i cg  funct ion p e r i o d i c i t y  and t h e  
o ther  r e f l e c t e d  t h e  p i l o t  behavior which seemed t o  suppress t h e  cont ro l led  
element pe r iod ic i ty .  
human p i l o t  behavior was a f f ec t ed  by t h e  fo rc ing  funct ion.  
The p i l o t  seemed t o  suppress only t h e  cont ro l led  element 
On t h e  o ther  hand, f i g u r e  3 shows t h e  time h i s to ry  of t h e  case when Wf 
In t h i s  case, it is  evident  t h a t  c ( t )  was made up of  
This suggests t h a t ,  when 9 was r e l a t i v e l y  small, t h e  
Above tendencies  can be seen more obviously i n  t h e  power spectrum 
d e n s i t i e s  of t h e  p i l o t  output as shown i n  figure 4; namely i n  t he  v i c i n t y  of 
w = 9, t h e  power spec t r a  were pul led  up as ai2 increased,  and t h i s  phenome- 
non became more conspicuous when q was r e l a t i v e l y  small. 
Typical p i l o t  descr ib ing  funct ions a r e  shown i n  f i gu res  5 and 6 .  From 
these f igu res ,  t h e  following tendencies  have been observed; 
1) If t h e  power of t h e  forc ing  function 0i2 i s  increased,  while keeping 
the  undamped na tu ra l  frequency wf unchanged, t h e  gain of t h e  pil .ot  des- 
c r ib ing  funct ion increases ,  but t h e  phase lead  becomes smaller i n  t h e  
frequency region below the  undamped na tu ra l  frequency of t h e  con t ro l l ed  
element q,, 
2 )  If t h e  frequency of t he  forc ing  funct ion wf i s  decreased, while keeping 
the  power oi2 unchanged, t h e  gain of t h e  p i l o t  descr ib ing  f’unction 
h c r e a s e s ,  but t h e  phase lead becomes smaller i n  the  low frequency range, 
espec ia l ly  i n  t h e  neighbourhood of t h e  undamped na tu ra l  frequency o f  t h e  
forcing funct ion.  
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Figure 7 shows t h e  performauce of t h e  p i l o t  c o n t r o l  ind ica ted  by u$/o:. 
It  i s  evident t h a t  t h e  smaller t h e  undamped n a t u r a l  frequency wf was, t h e  
blgttcr t h e  performance became. This implies t h a t  when was small, tlic-. 
p i l o t  could e a s i l y  recongnize thr .  forcing funct ion p e r i o d i c i t y ,  and h i s  
Lask l~ccamc easier. 
T'hese r e s u l t s  lead t o  the following considerat ion concerning t h e  for- 
cing function e f f e c t s  on human p i lo t ;  cont ro l  behavior. 
The e f f e c t  of t h e  Corcj.ng flinction bandwidth on t h e  p i l o t  descr ib ing  
function i s  reported i n  referencc 3.  It i s  pointed ou t  i n  t h e  r e p o r t  t h a t  
t h e  e f f e c t i v e  time de lay  of t h e  liman p i l o t  decreases  as t h e  bandwidth of t h e  
f x c i n g  function ivcreases .  
On t h e  o the r  hand, t h e  prese1,t study put emphasis on  t h e  effect of t h e  
frequency wf and Kf of t h e  forc ing  funct ion shaping f i l t e r .  
suggested t h a t  t h e  increase  i n  t h e  power of t h e  forc ing  funct ion is likely 
t o  work so as t o  make t h e  p i l o t  employ t h e  control t h a t  t a k e s  i n t o  account 
t h e  dominant p e r i o d i c i t y  i n  t h e  forc ing  funct ion,  The attempt t o  suppress 
the dominant frequency component may lead t o  t h e  reduct ion of t h e  power of 
t h e  e r r o r ,  It has a l s o  been suggested from t h e  present  study t h a t  i f  t h e  
response of  t h e  control led element and t h e  forcing funct ion have per iodici-  
t i e s ,  t h e  human p i l o t  would t r y  t o  augment t h e  s y s t w  s t a b i l i t y  by making 
use of t h e  p e r i o d i c i t y  i n  t h e  response of t h e  cont ro l led  element, and then,  
t r y  t o  make the perfornmnce as good as poss ib le  b.f making use of  t h e  per iodi-  
c i t y  o f  t h e  forc ing  function. Especial ly ,  i f  t h e  power of  t h e  forcing 
function is  l a r g e  and t h e  two n a t u r a l  frequencies are separated, it would 
be ecsy f o r  t h e  p i l o t  t o  not ice  these  frequencj.es and t o  make use of t h e s e  
frequencies i n  the  con t ro l ,  
I t  has been 
The present study has shown t h a t  t h e  human p i l o t  dascr ibing funct ions 
arc? dependent not  only on t h e  n a t u r a l  frequency of t h e  cont ro l led  element, 
but a l s o  on t h e  frequency and t h e  power of t h e  forc ing  function. 
w s u l t s  seem t o  suggest t h a t  t h e  human p i l o t  con t ro l  behavior couldn't  be 
expressed by a simple t r a n s f e r  funct ion compensating t h e  cont ro l led  element 
delay only, but should be expressed by ,the t r a n s f e r  runction taking i n t o  
considerat ion h i s  a b i l i t y  t o  sense and p red ic t  t h e  forc ing  function. 
These 
CONCLUDING REMARKS 
The r e s u l t s  show the  e f f e c t s  o f  t h e  forc ing  funct ion on t h e  human p i lo t  
such as; 
1) If t h e  power of t h e  Zorcina, function U i 2  increases ,  t h e  gain of $he 
human descr ibing funct ion IY 1 P becomes smaller a t  w < wn. 
2 )  I f  t h e  undamped n a i u r a l  frequency of t h e  forc ing  funct jon Wf de- 
creases ,  t h e  gain l Y p l  increases  but t he  p h s c  lead of Yp becomes 
smaller e s p e c i a l l y  i n  t h e  v i c i n i t y  of w = uf. 
iiicreases, but  t h e  phase l ead  o f  Yp 
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3 )  The human pilot seems t o  try to augjment the system stability and 
make the performance better by use of wn and Wf, especially when (Si2 
is large, and wn and wf are separated. 
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AN EXTENSION OF THE QUICKENED DISPLAY FOR MANUAL CONTROL 
By Masayoshi Tomizuka and Wai Ming Tam 
Department of Mechanical Engineering 
University of Cal i forn ia ,  Berkeley 
SUMMARY 
It is very d i f f i c u l t  (or even impossible) f o r  a human t o  cont ro l  p l an t s  
of t h i r d  order  o r  more wi th  l i t t l e  o r  no damping by j u s t  knowing t h e  in s t an -  
taneous e r ro r .  
vatives to  t h e  e r r o r  signal and d isp lay ing  the  combined s i g n a l  are e f f e c t i v e  
i n  f a c i l i t a t i n g  human control, over such plants---signal quickening by Birming- 
ham and Taylor. Their technique is f u r t h e r  extended to  incorpora te  t h e  f u t u r e  
t r a j ec to ry  va r i a t ion  i n t o  the  displayed signal so as t o  minimize t h e  t r ack ing  
e r ro r .  A method f o r  tuning f r e e  parameters i n  ordinary and extended quicken- 
ing  is es tab l i shed  by applying discrete-time optimal cont ro l .  
r e s u l t s  fo r  a t r i p l e  i n t e g r a t o r  p lan t  i n d i c a t e  the eEfectiveness of t he  pro- 
posed method t o  achieve high q u a l i t y  tracking. 
It  has been shown t h a t  adding f i r s t  and/or h igher  o rde r  de r i -  
Experimental 
INTRODUCTION 
It is known to be very d i f f i c u l t  f o r  a human to c o n t r o l  h ighe r  o rde r  
plants with l i t t l e  o r  no damping with conventional compensatory o r  p u r s u i t  
display (reference 1). 
ham and Taylor ( re ference  2) proposed t o  incorporate t h e  de r iva t ives  of t h e  
plant output i n t o  t h e  displayed s igna l .  
quickening," and its ef fec t iveness  has been demns t r a t ed .  
be done as shown i n  f i g u r e  1 f o r  a t r i p l e  i n t e g r a t o r  p lan t .  
ence t r a j ec to ry ,  r ( t ) ,  is constant,  the quickened d isp lay  makes i t  poss ib l e  t o  
achieve high qua l i ty  regulation. However, i f  r ( t )  is rime varying, i t  can n o t  
be expected t h a t  high q u a l i t y  t racking  be achieved with t h e  quickened display. 
This is because the  human opera tor  and p l an t  introduce phase s h i f t s  between 
the  reference t r a j e c t o r y  and the  p l an t  output. To improve the  t r ack ing  per- 
formance, more information on t h e  reference t r a j e c t o r y ,  such as de r iva t ives ,  
fu ture  values, etc., is needed. 
In many manual cont ro l  s i t u a t i o n s ,  t h e  reference t r a j e c t o r y  is predeter- 
mined, o r  a por t ion  of f u t u r e  reference t r a j e c t o r y  can be  de t ec t ed  i n  advance 
i f  not a l l  fu tu re  information is ava i lab le .  I n  such cases ,  t h e  preview d i s -  
play in  f i g u r e  2 has been shown to improve the t r ack ing  performance when t h e  
p lan t  is r e l a t i v e l y  easy t o  con t ro l  (references 3, 4 and 5 ) .  I f  t he  p l a n t  i s  
higher order and weakly damped, preview information alone is not  s u f f i c i e n t  
to achieve high qua l i ty  t racking  o r  even to  s t a b i l i z e  t h e  p l an t .  
After no t i c ing  t h e  l imi t a t ions  of quickened d isp lay  and preview d isp lay ,  
one may propose to combine those two and use a display as i l l u s t r a t e d  i n  f ig -  
ure 3. However, t h i s  scheme is not good f o r  t racking  s i n c e  wi th  such a d is -  
To f a c i l i t a t e  human cont ro l  over such p l an t s ,  Birming- 
The technique i s  called "signal 
This can sometimes 
When the  r e fe r -  
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play the  human operator  tries t o  match t h e  d i s t o r t e d  p l a n t  output  with the  
reference t r a j ec to ry .  A b e t t e r  approach is t o  process fu tu re  t r a j e c t o r y  i n f -  
ormation by computer t o  generate  a d i s t o r t e d  reference signal which is compat- 
i b l e  t o  t h e  d i s t o r t e d  p l an t  output .  This s c h e m i s  i l l u s t r a t e d  i n  f i g u r e  4 and 
is named "extended quickening". Due t o  innovations i n  microcomputer technolo- 
gy, t h i s  kind of  d i g i t a l  da t a  processing is not d i f f i c u l t  no r  expensive. The 
design of extended qu'ickened d isp lays  involves the  determination of the  feed- 
back (quickening) gains ,  ai's, and feedforward o r  preview gains,  bg's,  such 
t h a t  high q u a l i t y  t racking  is assured.  
optimal cont ro l  is presented i n  the next s e c t i o n ,  
A design method based on discrete- t ime 
DESIGN OF EXTENDED QUICKENED DISPLAY 
To s impl i fy  treatment,  the  design method is described f o r  a t r i p l e  in teg-  
r a t o r  p lan t .  However, the method appl ies  equal ly  t o  o t h e r  kinds of p l an t s .  
Controlled P l a n t  
A t r i p l e  i n t e g r a t o r  p l an t  can be represented by t h e  following state and 
output equations.  
where 
y - x  
P l  
denotes the time der iva t ive ,  m is the  con t ro l l i ng  input ad jus ted  by the  
human operator  and y is the  p l an t  output.  
the use of d i g i t a l  computers, equation (1) is approximated by t h e  d i s c r e t e  
state equation, 
Since extended quickening assumes 
where 
x (ki-1) = A'x (k) + B'm(k) 
-P -PIP -P (3) 
A t  is the sampling period and t h e  index k denotes k-th sampling in s t ance  o r  
time k*At. 
enough to  maintain s m a l l  approximation e r r o r  and y e t  is long enough f o r  most 
microcomputers t o  implement extended quickening. 
The sampling period is se l ec t ed  t o  be  0.025 sec which is s h o r t  
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Human Operator 
- 
0 
0 
0 
0 .  
0 
1 -  
l o r  d e s i ~ ~ p u r p o s e s ,  t h e  human operator  is f i r s t  approximated by a simple 
ti& delay, e With a 
sampling period of A t ,  t he  discrete- t ime model is a simple delay chain,  z-d, 
where d can be determined from (0.1-.0.2)/At. 
is se l ec t ed  t o  be  6 which corresponds t o  0.15 sec time delay wi th  t h e  se l ec t ed  
A t  of  0.025 set* 
t h e  output of the  human is t h e  p l an t  input ,  m(k) . A state space model f o r  t h e  
human operator  is 
, where the delay time, L, is typ ica l ly  0.1-0.2 sec. 
I n  the following development, d 
The inpu t  t o  the  human, u(k), is t h e  displayed s i g n a l  and 
where 
Equations (3) 
i c s .  
' 41' 
0 1 0 0 0 0  
0 0 1 0 0 0  
0 0 0 1 0 0  
0 0 0 0 1 0  
0 0 0 0 0 1  
0 0 0 0 0 0  
and B+= 
(4) and ( 5 )  cha rac t e r i ze  t h e  open loop human-plant dynam- 
Optimal Control Problem 
The parameters, ai 's and bg's,  i n  extended quickening can be found from 
the so lu t ion  of an optimal con t ro l  problem i n  which u(k) must be determined 
so as t o  minimize the c o s t  func t iona l  given by 
00 
J = 1 {(y ( i )  - r(i)I2 + w*(Au(i)/At)2) (6 )  
i=k 
where Au(i) - u ( i )  - u(i-1) (=Am(i+6)), Au(i)/At - du/dt,  r is the  reference 
t r a j e c t o r y  and w is a pos i t i ve  constant.  
n a l  penal izes  the t racking  e r r o r  and t h e  second term penal izes  t h e  j e rky  mo- 
t i on  of the displayed s i g n a l .  
The reference t r a j ec to ry ,  r, is assumed t o  be previewable (by computer) 
i n  the  sense t h a t  fu ture  information which includes t h e  sampled values ( r ( k ) ,  
r(Wl),., . ,r(k+Nfia)) i s  a v i l a b l e  a t  t i m e  k where Nfia is the  preview (or look 
ahead) t i m e .  Preview information is 
not  s u f f i c i e n t  f o r  f inding t h e  optimal control ,  u(k), s i n c e  the  cos t  function- 
a l  includes r(i)'s from i=k t o  i=% Therefore, i t  is f u r t h e r  assumed t h a t  t h e  
reference t r a j e c t o r y  does not  change from the  time i=k+NQa: i.e. 
The first term i n  t h e  c o s t  funct io-  
Nka i s  zero f o r  conventional quickening, 
r(k+Np,,+i+l) = r(k+Nfia+i) f o r  a l l  i > O  ( 7) 
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Equation (7) appl ies  f o r  t h e  determinat ion of u(k) only. 
u(k+l),  updated preview information a t  t i m e  k+l which includes t h e  sampled 
value r(k+l+Nga) is used, and the  lower limit of the summation i n  t h e  cos t  
func t iona l  beconres k+l. 
j ec to ry  are known, they can be used i n  ?lace of equat ion (7) ( re ferences  6,7). 
Figure 5 shows the  assumptions made about the reference t r a j e c t o r y .  
For determining 
I f  t h e  s t a t i s t i c a l  p roper t ies  of the reference tra- 
Given Preview 
Information 
r(i) 
**. 
.* ..* I 
1. 
k(now) 
.f 
k+Nta 
time'i 
Fig. 5 Information on Future Reference Tra jec tory  (at time k) 
Equations (2) -( 7) define an optimal control  problem o r  more s p e c i f i c a l l y  
a d i s c r e t e  time optimal preview cont ro l  problem. 
by dynamic programing o r  applying the r e s u l t s  of l i n e a r  quadra t i c  (LQ) op t i -  
mal  control  ( re ference  8 ) .  
This problem can be solved 
Solut ion o f  t h e  O p t i m a l  Control Problem 
The o p t i m d  con t ro l ,  uoPt(k), is 
where B p i ' s ,  &its and g,.R's are a l l  constant gains .  
The feedback gains,  gpi 's and are given by 
where 
2 A' B' 0 , R =  w/(At) , E =  0 0 0 0 0 0 0 -R], 
- K is the s teady state so lu t ion  of the matr ix  R icca t i  equation, 
K ( i )  = kTg(i+l)A + Q - [LT&(i+l)A t I'IT[R + gTE(i+l)13] -1 T &(i+l)A + E] - 
(&P) - s) ( 10) 
and Q is a 9x9 matrix whose 1-1 element i s  1, 9-9 element is R and a l l  o t h e r  
elements are 0 ,  are sparse, t h e  R icca t i  equat ion can be 
e f f i c i e n t l y  solved by simple recursions.  For example, i t  can be e a s i l y  seen 
t h a t  &T& =[kgl kg2 ks3 * * *  k ] and ET& & - kgg. Since &, E, & and 99 
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The feedforward o r  preview gains,  g r . ' s ,  a r e  given as follows: 
For Naa= 0 (no preview), 
For Naa> 0, 
(11) 
where aR is the 1-9 element of  t h e  matrix 
!,otice tha t  t he  matrix &losed charac te r izes  t h e  closed loop dynamics of t h e  
human-plant model plus feedback cont ro l  law, and is n o d l y  asymptotically 
s t a b l e .  Equations (12) and (13) i n d i c a t e  t h a t  t h e  f u t u r e  values of t h e  r e f -  
erence t r a j ec to ry  m u s t  be used i n  a way compatible t o  t h e  closed loop dynamics 
and that grg's with increas ing  R are c lose ly  r e l a t ed  t o  t h e  u n i t  pulse  res- 
ponse of t h e  closed loop system. 
the summation o f  g ' s  with respect t o  !i m u s t  be equal t o  
s t a b l e  &.loac,d, aR approaches 
fu tu re  is less inportant  t o  determine uop (k) as  i t  becomes f u r t h e r  apa r t  from 
the present t i m e .  This poin t  has a l s o  
The second expression i n  (12) implies  t h a t  
, which assures  
zero steady s t a t e  error rR f o r  the  s t e p  reference t r a j e c t o r y .  % or  asymptotically 
zero a s  II ncreases ,  which i m p l i e s  t h a t  t h e  
been found i n  preview t racking  (re- 
# 
' f e rences  3, 4, 5) 
Sturc ture  of Extended Quickening 
The s t r u c t u r e  of extended quickening based on the  optimal cont ro l  r e s u l t  
time i n t o  now 
fu tu re  
Human Operator 
+ 
Fig. 6 Struc ture  of Extended Quickening based on Optimal  Control 
3s 
The por t ion  of t h e  s t r u c t u r e  in s ide  the  dashed l i n e s  can be  viewed as 
For selected values of w over  a wide range (w is defined i n  t h e  cos t  fun- 
human operator .  The reason for t h i s  w i l l  soon be  explained. 
c t i o n a l  (6)) ,  t he  s teady state so lu t ion  of t he  R icca t i  equat ion (10) was com- 
puted and t h e  feedback gains ,  gpi 's and &hi's, were found. 
marized in t h e  following tab le .  
Resul ts  are sum- 
gp1 $2 gp3 ghl  gh2 gh3 %4 gh5 gh6 W 
1.0 0.0242 0,0669 0.0924 0.0023 0.0022 0.0022 0.0022 0.0021 -0.9347 
0,1 0.0757 0.160 0.168 0.0042 0.0041 0,0040 0.0039 0,0038 -0.9129 
0 , O l  0.236 0,382 0,309 0.0076 0,0074 0.0072 0.0069 0.0067 -0.884 
0,001 0,730 0.914 0.573 0,014 0.013 0.013 0,012 0,012 -0.845 
0.0001 2.255 2.20 1.076 0.026 0.025 0.024 0.022 0.021 -0.7935 
Table 1 g 's and &its f o r  s e l ec t ed  values  of w 
P i  
than o the r  feedback gains  and t h a t  t h e  values of 
regardless  of the  value o f  W. 
i n s i d e  the dashed l i n e s  i n  f i g u r e  6 by 
From Table 1, i t  is found t h a t  gh1--gh5 are orders  of magnitudes smaller 
is around -(0.8-0.9) 
Hence i t  is poss ib le  t o  approximate the  po r t ion  
-6 
(14) 
2 
-1 1 . (0 .8-0.9)~ 
With our s e l e c t i o n  of A t =  0.025 sec, t h e  discrete t r a n s f e r  function (14 )  cor- 
responds t o  ,-0.15s 
= (0.125-0.25) s e c  
T ~ S  + 1 ' 'N 
where the  t i m e  constant ,  T ~ ,  was computed by T~ - A t / ( l +  g$. 'tN has a 
reasonable value as the  human neromscu la r  l a g  cons tan t  (re erence 1) , which 
dynamics. Therefore, t he  por t ion  i n s i  !I6 e the  dashed l i n e s  i n  f i g u r e  6 can be  
implies t h a t  t h e  feedback e f f e c t  v i a  
viewed as hucan opera tor ,  and the feedback gains t o  be externally furnished 
becom g 1, g and . The feedforward and preview gains ,  gr.'s, must a l s o  
be ex teda l lyP$urnis%8.  
can be i n t e r p r e t e d  ss a part of human 
Determination o f  Parameters i n  Extended Quickening 
I n  (extended) quickening (or more general ly  i n  manual t r ack ing ) ,  t h e  gain 
constants of the d iep lay  and j o y s t i c k  are r a t h e r  a r b i t r a r i l y  def ined since 
t h e i r  inputs  and outputs  are i n  d i f f e r e n t  physical  domains. IC is a l s o  known 
t h a t  the human operator  ad jus t s  h i s  gain so t h a t  the  closed l o o p  dynamics have 
reasonable response speed and adequate s t a b i l i t y  ( re ference  1) , 
for implementation of (extended) quickening the  r a t i o s  among t h e  feedback and 
Therefore,  
feedforward gains 
se lves .  Based on 
The pect  t o  g 
ai's and fig 8 ,  i n  1; 
a1 a 1, 
's a n d  g 's) are more important t han - the i r  values them- (g i 
a2 = g, /gpl ,  a3 g P 3 / 5 1 *  84 = 0 a d  bg = grg/gpl* 
th!s observaEion, we normalize the con t ro l  gains with res- 
normalized gains are the  extended quickening parameters, 
f igu re  4 , and they are 
( 16) 
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Using a. 's and b a t s  i n  (16) , t he  s i g n a l s  to be displayed i n  extended 
quickening a$e, f o r  p u r s u i t  type d isp lays  
3 
and f o r  compensatory type d isp lays  
where s is t h e  quickened p l an t  output and s 
periment * 
is the quickened re ference  tra- 
jectory! F ina l  tun ing  o f  t he  parameters, ai F s and bgls ,  must be  done by ex- 
EXPERIMENT 
An experiment w a s  conducted t o  examine t h e  e f f e c t  of d i f f e r e n t  sets of 
feedback gains i n  Table 1 and t o  v e r i f y  performance improvemnt t h a t  can be 
achieved by extended quickening. In  t h e  experiment , a t r i p l e  i n t e g r a t o r  p l a n t  
was implemented on an analog computer. 
generating t h e  re ference  t r a j e c t o r y  , computing the  extended quickening s i g n a l s  
( 6  
wag of t he  pu r su i t  type,  and t h e  two signals, s 
dots  each with d i f f e r e n t  i n t e n s i t y .  Human sub jgc t s  were asked t o  c o n t r o l  t h e  
p l a n t  so t h a t  the quickened p l an t  ou tput ,  s , follow the  quickened re ference  
s igna l ,  s . Two kinds of re ference  t r a j e c t g r i e s  were used i n  the  experiment. 
One was arsequence of step changes wi th  a 20 s e c  dura t ion  f o r  each, The o t h e r  
was a Gauss-Markov random signal which was generated by a second order  d i g i t a l  
f i l t e r  exc i t ed  by a Gaussian white signal. The d i g i t a l  f i l t e r  was an approxi- 
mation of the continuous second order f i l t e r  with t h e  t r a n s f e r  function 
An LSI-11 microcomputer was used f o r  
and s r )  and on-line d a t a  a c q u i s i t i o n  of experimental da ta .  The d i sp lay  
and s were displayed by r' 
where w Se lec t ab le  preview 
s e t t i n g 8  were provided which could be var ied  from Nk = 0 (0 sec) t o  N - 200 
(5 sec). Evaluation of s (k) with Nga- 200 was n o t  f e a s i b l e  i n  a O.O& sec 
salrpling per iod  ( cyc l i c  t h e  of conputation). However, i t  was noted t h a t  t he  
re ference  t r a j e c t o r y  was smooth relative t o  a 0.025 sec sampling period ( t h e  
approximate bandwidth of the  f i l t e r  (19 )  is 1.5 rad/sec - 0.25 Hz) and t h a t  a 
good approximation t o  sr(k) i n  (17) was 
and 5 were s e l e c t e d  t o  be  1.5 rad /sec  and 0.7. 
sr(k) 1 bir(k+rp) 
P'O 
where b' = b + b + b + b b ' s  were a l l  precomputed, and (20) was 
used fo@ on-%e $@h&tatpd of4!i@) 
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Effec t  of Feedback Gains 
~ 0 . 1  
The f i r s t  set of experiment w a s  conducted t o  examine the  closed loop be- 
havior with d i f f e r e n t  combinations of feedback gains ,  g i's ( i . e .  ai's) i n  
Table 1. In  the experiment, t he  reference t r a j e c t o r y  As a series of  s t e p  
changes and NQa was zero,  i .e. conventional signal quickening. 
of the p l a n t  output (y's) f o r  d i f f e r e n t  values of w are shown i n  f igu re  7. 
can be seen i n  the  f igure  t h a t  the  feedback gains obtained with the  l a r g e r  w 
make the  closed loop r e l a t i v e l y  slow to respond while  those obtained wi th  t h e  
smaller w make t h e  closed loop o s c i l l a t o r y  and requi re  more con t ro l l i ng  e f f o r t  
of the  human operator.  I t  w a s  concluded t h a t  t h e  feedback gains obtained with 
w-0.01-0.1 were mst s u i t e d  f o r  human con t ro l  of t h e  t r i p l e  i n t e g r a t o r  p l a n t ,  
Time h i s t o r i e s  
It 
the  reference t r a j e c t o r y  in t h e  d i s -  
played s i g n a l ,  s , causes the  p lan t  
output t o  responfi prior t o  the s t e p  
reference change, The nmximum and RMS 
values of the t racking  e r r o r  were both 
improved by preciewing t h e  reference 
t r a j ec to ry .  A 4-5 second preview time 
Fig, 7 Effect  of Feedback Gains on Closed Loop Behavior 
Extended Quickening 
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Fig. 9 Effec t  of Preview Time  
(random reference  t r a j e c t o r y ,  
Preview Time=0.025XNga sec)  
t o  t h e  aero  preview case  which w a s  about 
50 X reduction of t h e  maximum e r r o r  (ob- 
served a t  the  time of s t e p  re ference  
change) and about 70 X reduction of  t h e  
RMS e r r o r  computed over 60 sec (i.e. 3 
s t e p  changes of t he  re ference  t r a j e c t o r y ) .  
A s i m i l a r  improvement was a l s o  observed in 
t he  con t ro l l i ng  input.  Therefore, t h e  
d i f f e rence  among the  four  response curves 
i n  f igure  8 is  not  simply a matter of 
t rans  l a  t i on .  
w a s  a l s o  conducted wi th  t h e  random refer- 
ence t r a j e c t o r y .  
output f o r  d i f f e r e n t  values of N Q a o  It 
can b e  seen i n  t h e  f i g u r e  t h a t  t he  phase 
s h i f t s  between t h e  re ference  t r a j e c t o r y  
and the  p l an t  output gradually reduce as 
Nga increases .  
imately a 2 second preview t i m e  (Nga-80) 
w a s  s u f f i c i e n t  t o  achieve almost a l l  t h e  
improvement i n  term of t he  RMS t rack ing  
e r r o r ,  approximately 50 X r e d u c t i m  rela- 
tive t o  the zero preview case. 
performance inprovement beyond Nga-80 w a s  
observed pr imar i ly  i n  the c o n t r o l l i n g  
s igna l  whose peak and IPIS values were both 
continuously decreasing as NRa was in-  
creased from 80 t o  200. 
The extended quickening experiment 
Figure 9 shows t h e  p l an t  
It  was found that approx- 
Fur ther  
CONCLUSIONS 
The s i g n a l  quickening technique was 
extended t o  incorpora te  the  f u t u r e  re fer -  
ence t r a j e c t o r y  v a r i a t i o n  i n t o  the  dis- 
played s i g n a l  so as to  achieve high quali-  
t y  t rack ing  i n  manual cont ro l  of higher 
order  p l an t s  wi th  l i t t l e  o r  no dmnping. 
A design method f o r  extended quickening 
systems was e s t ab l i shed  based on t h e  d is -  
c r e t e  time optimal cont ro l  theory. The 
experiment f o r  a t r i p l e  i n t e g r a t o r  p lan t  
ind ica ted  t h a t  a d r a s t i c  improvement of 
the  closed loop performance can be obtain- 
ed by extended quickening. 
The extended quickening technique 
should be use fu l  f o r  var ious  man-vehicle 
sys t ens  inc luding  a i r p l a n e  landing, maneu- 
ve r ,  sv5marine c o n t r o l ,  etc. The main 
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motivation of  (extended) quickening was t o  f a c i l i t a t e  human control  over high 
order p lan ts  with l i t t l e  o r  no damping, 
a r e  relatively easy to cont ro l ,  the  technique should be s t i l l  usefu l  i n  var i -  
o w  respec ts ,  e.g. f o r  reducing the human work load. 
tended quickening technique I n  more r e a l i s t i c  s i t ua t ion6  . 
on t h e  following two points:  
However, f o r  t h e  cases t h a t  p l an t s  
The work reported i n  t h i s  paper is being continued t o  inves t iga t e  the ex- 
Emphasis is placed 
It  was assumed t h a t  t h e  de r iva t ives  of t h e  p l an t  out- 1. State Estimation: 
pu t  are d i r e c t l y  measurable. Although t h e  aesumption holds i n  idea l  sit- 
uat ions such as the  t r i p l e  i n t eg ra to r  plant  on an analog computer i n  t h i s  
paper, i t  is ueually not poss ib le  t o  measure a l l  de r iva t ives  d i r e c t l y .  
In  such cases,  one p o s s i b i l i t y  is t o  include a Kalman f i l t e r  o r  state 
observer i n  computer software.  
no ise  were not  considered, 
noise can not  be ignored, and t h e i r  e f f e c t  m u s t  be inves t iga ted .  
2. Effect  of Disturbance: I n  t h i s  paper, external dis turbance i n p u t s  and/or 
In  p r a c t i c a l  s i t u a t i o n s  , disturbance and 
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EFFECIS OF UNCERTAINTY ON MANUAL TRACKING PERFORMANCE 
by A i . *  R, Ephrath & Barbara Chernoff 
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SUMMARY 
I n  t h i s  experimental s tudy we inves t iga ted  some t r ans i en t  phenomena and 
t a r g e t  acqu i s i t i on  modes assoc ia ted  with in te r rupted  observat ions during 
ground-to-air AA tracking, 
tracked a computer-generated a i rp l ane  image on a CRT display.  The a i r p l a n e  
image executed a low-level 6 t r a i g h t  ?ass. 
during each 25-second run the  screen was blanked f o r  a period of one second 
(s imulat ing a temporary loss of v i aua l  contact  with the target due t o  c louds,  
fog or obs t ruc t ions) .  
quired i t  and continued t racking,  a t tempting t o  minimize vec tor  HMS error for 
the  e n t i r e  run ( including the blanked per iod) .  
Our sub jec t s ,  using a two-axes con t ro l  stick, 
A t  c e r t a i n  pseudo-random times 
When the  t a r g e t  image reappeared the  sub jec t s  reac- 
The r e s u l t s  revea l  an increase both i n  t r ack ing  e r r o r  and i n  error var- 
iance during t h e  blanked period, only when the  t a r g e t  dtsappeers  while i n  
the  crossover  region. 
but had no e f f e c t  on the  mean errorr Also, blanking before and a f t e r  cross-  
over had opposi te  e f f ec t s :  A blanking period j u s t  before  crossover produced 
an increase  l a g  while a blanking j u s t  a f t e r  crossover  resu l ted  in B lead and 
thus made the  e r r o r  curve mors symmetric. 
Blanking a t  o the r  times e f f ec t ed  increased var iance  
INTRODUCTION 
The problem of manual t raeking  performance with sampled sbserva t lona  
has been s tudied before [e.g. Refs. 1, 21 from a "macroscopic" pa in t  of 
view. I n  these  s t u d i e s  the  o v e r a l l  con t ro l  perforimnee was inves t iga ted  
when the  human was aseumed t o  have access to per iodic ,  frequent observat ions 
O f  the  system OUtpUt6. 
In the study reported here  WQ intaddod to concentrate  on t h e  micro- 
~ t ~ p i c :  a spec t s  ob the t racking  behavior. 
opera tor ' s  performance as a whole; r a the r ,  we set out t o  examine the data i ls  
of the  t racking  behavior during per iods when observation8 ob t h e  system out- 
pu ts  were not ava i l ab le  ta the  human. 
hevis r  during such e s s e n t i a l l y  open-loop t racking  i a  o f  interest a@ t h e m  
s i t u a t i o n s  occur q u i t e  f requent ly  i n  p rac t i ce .  
j ec t ad  t o  t h i s  type o f  manual t rack ing  msy be the  d r ive r  of  a high-speed 
automobile during the  f irs t  Paw seconds a f t e r  en te r ing  a dark tunnel: a 
We were not in t e re s t ad  i n  t h e  
Understanding tho opera tor ' s  be- 
Examplrs o f  opera tors  eub- 
radar opera tor  attempting t o  t r ack  a t a r g a t  
date; or an anti-aircraft battery opoaattng in an Bnvironment of electronic 
counter-measures, optical counter-measure or simple topographical and mete- 
orelogical obstructions masking the target’s image. Indeed, our experimental 
set-up simulated the situation of the latter, i , e . ,  the A M  paradigm. 
Our experimental facitjty consisted of a PDP 11/20 computer, a CRT 
screen, and EX two-axes control stick. The PDY 11/20 generated a delta- 
shaped airplane image used in the compensatory tracking, with the image 
displayed on the CRT sereen (see Fig. 1). 
Our subjects were instructed t o  manually track tire delta-shaped image, 
Each both in elevation and in azimuth, as it passed across the CRT screen. 
target pass was a 25.6-seconds straight-and-level flyby, 
ttines during the run the target disappeared from the screen for a period 
of me-second. 
tact with the target. 
A t  predetermined 
This blanking simulated the temporary loss of visual con- 
Five experimental conditions were implemented, 
Condition A: No blanking 
Condition D: Blrnklngs at -5 m c .  and at +9 see, (0. seeI - croersover) 
Condition E: Blsnking e t  -3 sec. 
Condition F: Blanking at +I sec, 
Condition G :  Blanking at +3 see. and at +9 see. 
The purpose! o f  two blanking periods (Conditione D and GI was twofold: 
an attempt to prevent the subjects from relaxing their tracking effort after 
the first blank oecured, the second blanking at +9 seconds was introduced. 
Also, this set of blanking periods enabled us to compare the transient 
tracking behavtor of  subjects during periods af good tracking (where the 
target angular velocity i s  small and the tracking error i s  a l a s  small) with 
the exanslent phenomena in the croisover region. Condition A - no blanking 
served a8 the control for the subjects’ baselina tracking a b i l i t y .  
In 
S i x  UnivarsIry o f  Csnnscltcut students, wmbers o f  the University Air 
Force RWC program, participated in the8 exparimnt. 
tansdvely in t h i s  ta8k by tracking 8 variety of  Flybys; h ~ w e v e r ~  they were 
not exposed to blanking8 u n t i l  the formal experimentation eomnced. 
They were tralnad ex- 
Eaeh subject was presented with ameh o f  tlir five expsriwntsl conditions 
in randomized order and there were 7 replications, Ear a total o f  35 run6 
per subject. The 8ubJects ware not informd as to the number of Blanking 
gorioda i n  each run, nor were they ta ld  how many experimental conditions 
ware t~ be presented. They were told, houever, the total number of rundl to 
be presented, The aubjacts were instructed to miniraiae; their RMS “LtBCKingr 
W ~ Q X  Cor the entire run, including ths blanked periods. FollouSng eash 
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run, each subject was informed of his RMS error score and was encouraged to. 
keep it as low as possible. 
Tracking errors in azimuth and elevation, and the control inputs in 
these axes were sampled by the PDP-11/20 at a rate of 40 Hz. Each 25.6- 
second run thus yielded 1024 dacum points for each of these four dependent 
variables. 
and magtapes) for subsequent, off-line processing and analysis. 
The data were stored in real-time or secondary devices (discs 
RESULTS AND DISCUSSION 
Some results of this experiment aie presented in Figures 2-6. Each 
figure is the summary azimuth data of the (6 subjects x 7 replications = 
42 runs per experimental condition. (In the interest of brevity, elevation 
data, which are completely analogous, were omitted here.) 
2b are the mean and standard deviation, respectively, of the angular track- 
ing error under the baseline condition, Condition A (no blanking). 
2a exhibits the asymmetry (large lag just before crossover 
lead immediately after) characteristic of this tracking task [ 3 ] .  
tracking errors are quite small in the so-called "areas of good trackfng" 
outside the crossover region. 
Figures 2a and 
Figure 
Also,  the 
and smaller 
Comparison of Figure 3 (standard deviation, Condition D) with Figure 
2b reveals the two blanking periods which manifest themselves as spikes in 
Fig. 3. .As expected, a blanking period just before crossover produces an 
increased.lag (Fig. 5 ) ,  while a blanking period just after crossover effects 
a lead and thus makes the error curve more symmetric (Fig. 6a). 
These deviations from the baseline error curve were tested using a 
noint-by-point t-test and were found to be significant, under Condition E 
and F, at the P < 0.01 level. During periods of good tracking, however, 
blanking had no effect on the tracking error mean. This was true not only 
with respect to the blanking period at +9 seconds but also with respect to 
the blankings at -5 seconds and at +3 seconds. 
CONCLUSIONS 
Increasing the operator's uncertainty of the target's positfon for 
short periods increases the lagging tendency before crossover and the 
leading tendency - when the instance of uncertainty occurs after crossover. 
Uncerta'lnty on the operator's part of the target's motion always results 
in increased error variance; the error mean, however, is sensitive to uncer- 
;.ainty only when the tracking task is difficult. 
iilg (and hence, small tracklng error) uncertainty has little effect on the 
error mean. 
In periods of good track- 
47 
REFERENCES 
1. Senders, J.W., Ward, J.L., and Carbonell: Human Visual Sampling Pro- 
cesses. NASA CR-1258, 1969. 
2. Senders, J.W. et al.: An Investigation of the Visual Sampling Behavior 
of Human Observers. NASA CR-434, 1966. 
3. Kleinman, D.L. and Ephrath, A.R.: Effects of Target Motion and Image on 
AAA Tracking. Decision and Control Conference, New Orleans, La., Dec. 
1977. 
FIG. 1: CRT DISPLAY 
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FIG. 4: Azimuth Error S . D . ,  Blankings (3 +3 & +9 sec. 
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FIG. 5: Azimuth Error Mean, Blanking @ -3 sec. 
51 
6 -  
4 -  
2 -  
0 -  
-2  - 
-4 - 
-6 - 
0 
I I I t t I 
0 5 10 15 20 25 sec. 
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MODELING THE EFFECTS OF HIGH-G STRESS ON PILOTS 
IN A TRACKING TASK 
by Jonathan Korn and David L. Kleinman 
Department of Electrical Engineering & Computer Science 
University of Connecticut 
Storrs, Conn. 06268 
SUMMARY 
Air-to-Air trackins experiments have been conducted at the Aerospace 
Medical Research Laboratories (AMRL) using both fixed and moving base (Dynam- 
ic Environment Simulator-DES) simulators. The obtained data, which includes 
longitudinal error of a simulated air-to-air tracking task as well as other 
auxiliar;. variables, was analyzed using an ensemble averaging method. 
In conjunction with these experiments, the Optimal Control Model (OCM) 
is applied to model a human operator under high-G stress. 
INTRODUCTION 
Recent efforts at Aerospace Medical Research Laboratories, WPAFB, have 
demonstrated initial feasibilities of applying the Optimal Control Model [l] 
of human response to the air-to-air tracking problem. 
able to generate predictions of ensemble mean and standard deviations of 
longitudinal tracking error, aircraft stace variables and attained Gz forces 
corresponding t o  arbitrary target profiles. 
were focused on two subproblems. 
weightings and internal model parameter changes to 6-stress were considered. 
Second, a structural change of the model was suggested. 
model development and validation has been generated on the centrjfuge (DES) 
facility at AMRL. The most recent data VS. model comparisons have shown ex- 
cellent correspondance for tracking error ensemble statistics. 
refinement efforts are now under investigation. 
The model has been 
The preliminary modeling efforts 
First, effects that related cost functional 
The data for this 
Further model 
ENGAGEMENT SCENARIO 
Figure 1 shows the geometry of the air-to-air tracking in the longitu- 
dinal plane [ 2 ] .  
i.e. the sight is fixed and aligned with the aircraft body axis. 
al simplification has been added by assuming that pitch angle equals the 
flight path angle. 
In our modeling efforts we assumed no gunsight dynamics, 
An addition- 
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PLANAR ANGLES (LONGITUDINAL) 
1 LOS 
BA = pursuer fp  angle 
CT = inertial line of sight 
FIG.  I : TRACKING GEOMETRY 
= evader f p  angle eT 
- CT * relative line of sight 'TA * 'A 
r = 8 - ZT = aspect angle T 
OPTIMAL CONTROL MODEL FOR AIR-TO-AIR TRACKING 
The OCM, modified to treat deterministic target motion assume8 the 
system dynamics 
y w  - co x(t) (2) 
where u(t) 4 $ is the elevator deflection and z(t) i s  a function of the 
target motion. The state vector is 
where q (q ) is the target (attacker) pitch rata, a $8 the attacker angle 
of attaTk and e is the tracking error. The o b s e r v o h ~ ~  are 
56 
with correspondance to the OCM assumtion on observations. 
only a delayed and noisy signal 
The human perceives 
where V (t) is a white observation noise with covariance 
Y 
't operator time delay 
p o  = nominal noise to signal ratio 
fi(t) = fractional attention allocation to the i-th observed variable 
N(ai) = equivalent gain of the visual/indiff erence threshold ai 
yi = mean of y 
rj 
Y 
- 
i 
= standard deviation of yi i 
The control input corresponds to the differential equation 
&here L 
neuro-mhor time constant and vu(t) i s  a white motor noise with cavar'iance 
proportional to the covariance of u(t)  
( 6 )  
i s  the feedback gains vector, g(t) is the estimated state, IN is the 
\I (t) = Pu cov[u(t)l, 
U 
pu being the motor noise ratio coefficient. The system matrices axe 
r o o o o i  
0 0  
0 0  
1 0 0 0  
0 1 0 V/D 0 -
b *  
"0 
0 
Ma 
0 
0 
0 
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0 0 0 0 1  
0 1 0 V/D 0 
0 0 0 - 1  1 
1 0 0 V/D 0 - 
The vertical accelerations of the target, and those commanded by the attacker 
are respectively 
GT(t) = - X,(t) + 1 ( 7 4  
8 
The constants are 
Ma - 11 
V = LOO0 ftlsec 
2 
g = 32.2 ftlsec 
M -7.63 sec-l 
*a 
aa -2.27 see 
D - 1000 f t .  
q 
-20'66 sec-l 
-1 
A typical GT time history, used in the present AMRL studies i s  shown in Fig. 
2. 
G LEVEL 
%Ax = 79 
- TIME 
1.59 
__.- FIG, 2: TYPICAL 9 TIME-HISTORY 
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The internal model parameters were set t o  t h e i r  nominal values T * .2  8ec9 - -14 dB, fN = ,1 sec. 
( r o o  ) for e s i n g l e  observation channel would be -20 dB. 
a d 4  observation channels which increase  the nominal p 
Y 
Y 
-20 dS, p Usually, t he  nominal value of p 
Y 
In  our case there  
t o  -14 dB. 
PILOT MODEL RhVISION AND RESULTS 
Motivated by recent r e s u l t s  i n  modeling AAA t racking under high uncer- 
t a in ty  131 we write the  human's i n t e r n a l  charac te r iza t ion  of t a r g e t  rnution 
(XI a ql) as 
r a the r  than 
A l ( t )  - z ( t ) .  
Now, 
(9) 
Using t h i s  approach we note the  following facts:  
1. a(t)  does not a f f e c t  t he  system model. 
2. a(t)  does affect the K a h n  f i l t e r  submodel equation associated 
with t h i s  s t a t e ,  
The t a rge t  motion i s  perceived by t h e  human operator  $8 a Markov process as 
opposed t o  a random walk (a-0). 
perceiving the  t a r g e t ' s  mation, a ( t )  is choaan according t o  
It r e f l e c t s  the pursuer 's  uncertainty in 
where 
The r e su l t i ng  model-vs-data cawprrilrons for ensemble man e r r o r  (<(t)) for 
dynamic and static-(; cases (G-cltre88 and no G-strsaa) a r e  rhown i n  Figure$ 
3-6, raapectively.  The agreements are axcel lant  through t h e  transient 6 
peak t o  recovery. Nominal parameters have been ueed f o r  t h e  baaic QCN re- 
sponse parameters; the  only change batween s t a t i c  and dynamic ca808 I s  
.53 s t a t i c  
,97 dynamic 
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(14) 
a)  Expertmental Data 
. 
-80 L 
b) Model Predfctions 
F I G .  3: MEAN PITCH TWCKIYG ERROR, 1 PEAK, G STRESS 
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a)  Experimental Data 
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b) Model Predictions 
FIG. 4: MEAN PITCH TRACKING ERROR, 1 PEAK, STATIC G 
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CONCLUDING REMARKS 
A preliminary modeling work in the area of air-to-air tracking task has 
been conducted and the initial results have been extremely encouraging. 
ever, further research is needed, and is presently continuing, to interpret 
these results and to 'match the standard deviation data. 
How- 
For modeling work, a major concern is-involved with the OCM internal 
A set of new exper- parameters and their dependence on G, and G, levels. 
iments will be conducted in the near future t o  enhance the observations of: 
this dependence. 
Also, the present model formulation does not include any motion-derived 
cues as G, or G,;.it merely regards these quantities as external stressors, 
and neglects any useful motion cues that they may provide. It is the feeling 
of the authors that this aspect of modeling work need to be considered in any 
future modeling efforts. 
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AAA GUNNER MODEL BASED ON OBSERVER THEORY 
By R. S. Kou*, B. C. Glass*, C. N. Day** and M. M. Vikmanis* 
*Systems Research Laboratories, Inc. 
Dayton, Ohio 45440 
**Aerospace Medical Research Laboratory 
Wright-Patterson Air Force Base, Ohio 45433 
SUMMARY 
The Luenberger observer theory is used to develop B predictive model 
of a gunner' s tracking response in ant isircraf t +rt illery (AAA) systems. 
This model is composed of an observer, a feedback controller and a remnant 
element. An important feature of the model is that the structure is 
simple, hence a computer simulation requires only a short execution time. 
A parameter identification program based on the least squares curve 
fitting method and the Gauss Newton gradient algorithm is developed to 
determine the parameter values of the gunner model. Thus, a systematic 
procedure exists for identifying model parameters 
tracking task. 
human tracking data obtained from manned AAA simulation experiments 
conducted at the Aerospace Medical Research Laboratory, Wright-Patterson 
AFB, Ohio. 
empirical data for several flyby and maneuvering target trajectories. 
for a given antiaircraft 
Model predictions of tracking errors are compared with 
Model predictions are in excellent agreement with the 
INTRODUCTION 
A systematic study of threat effectiveness forgItiaircraft artillery 
(AAA) systems requires the development of a mathematical model for-the 
gunner's tracking response. 
computer Simulation programs as shown in reference 1 for predicting 
aircraft attrition with respect t o  specific antiaircraft weapon systems. 
Two of the fundamental design requirements of a gunner model are simplicity 
in model structure and accuracy in the tracking error predictions. 
simple gunner model structure will shorten computer simulation execution 
time. Obviously, accurate predictions of tracking error implies model 
fidelity with respect to describing the gunner's tracking performance. 
Then, the manned threat quantification in the threat analysis will be 
reliable. 
The gunner model is then incorporated into 
A 
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An antiaircraft gunner model based on the Luenberger observer 
theory in rcferences 2, 3 and 4, is developed in this paper. It 
satisfies both the design requirements mentioned above. 
the model is simple and its predictions of tracking errors are accurate. 
It is composed of three main parts - an observer, a feedback controller, 
and a remnant element. An observer is itself a dynamic system whose out- 
put can be used as an estimate of the state of a give3 system. 
simplicity of the observer design makes the observer an attractive design 
method. 
variable feedback controller which represents the gunner's control 
function in the compensatory tracking task. 
randomness sources due to human psychophysical limitations and of 
modelling errors are lumped into one random remnant element in this model 
design. 
can be determined systematically instead of by trial-and-error. 
parameter identification program based on the least squares curve-fitting 
method in reference 5 and the Gauss-Newton gradient algorithm in reference 
6 is developed for this purpose. This program iteratively adjusts the 
parameter values to minimize the least squares error between the model 
prediction of tracking error and actual human tracking data obtained from 
manned AAA simulation experiments conducted at the Aerospace Medical 
Research Laboratory, WPAFB, Ohio. Thus, it provides a convenient 
procedure for model validation. 
program is developed with the designed model describing the gunner's 
response for a given AAA tracking task, 
functions of the ensemble mean and standard deviation for the model's 
tracking error predictions (azimuth and elevation). Computer simulation 
results are in excellent agreement with the empirical data for several 
aircraft fl>by and maneuvering trajectories, This verifies that the model 
can predict tracking errors accurately and thus is a reliable description 
of the gunner's compensatory tracking characteristics. 
The structure of 
The 
The estimated state is then used to implement a linear state 
The effects of all the 
Another important feature of this model is that its parameters 
A 
In addition, a computer simulation 
The program provides time 
A comparison between this model and the optimal control model 
in references 7, 8 and 9 (by Kleinman, Baron, Lcvison) is also given. 
It can be shown that the model based on observer theory is as accurate as 
the optimal control model in predicting tracking errors. 
the computer execution time of the A M  closed loop system simulation 
utilizing this model is less than 15% of that using the optimal control 
model. This is a primary advantage of a model with simple structure. 
In addition, 
DESCRIPTION OF AN AAA GUN SYSTEM 
The tracking task of an antiaircraft artillery (AAA) gun system 
can be described by a closed loop (single axis tracking loop) block 
diagram as shown in figure 1. Two gunners, one each for azimuth and 
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e leva t ion  axes,  p lay  the  r o l e  of c o n t r o l l e r  i n  t h i s  man-machine feedback 
con t ro l  system. 
e r r o r ,  eT (one f o r  azimuth e r r o r  and t h e  o the r  f o r  e l eva t ion  e r r o r ) ,  which 
is t h e  d i f f e rence  between t h e  t a r g e t  pos i t i on  angle  8T and t h e  gunsight l i n e  
angle  gg+ Independently, t h e  gunners operated t h e  hand crank t o  con t ro l  t h e  
gunsight system i n  order  t o  a l i g n  t h e  gunsight l ine  angle  (output)  with t h e  
t a rge t  pos i t i on  angle  ( input) .  Therefore,  t h e  azimuth t racking  t a s k  is de- 
coupled from t h e  e leva t ion  t racking  t a s k  i n  t h i s  AAA system. 
From h i s  v i s u a l  d i sp lay ,  each gunner observes t h e  t rackinp  
The purpose of t h i s  paper is t o  develop a mathematical model of t h e  
response c h a r a c t e r i s t i c s  of a gunner i n  a compensatory t racking  task .  
fo re ,  i n  t h e  following, w e  f i r s t  descr ibe  t h e  mathematical representa t ion  of 
t he  gunsight and rate-aided con t ro l  dynamics ( the  gunsight system) and t h e  
t a rge t  t r a j e c t o r i e s .  
system considered is: 
There- 
In t h i s  paper t h e  t r a n s f e r  func t ion  of t he  gunsight 
f o r  t he  azimuth angle  t racking  as w e l l  as the  e l eva t ion  angle  t racking.  
(Og(s) and U ( s )  are the  Laplace transforms of e g ( t )  and u ( t )  respec t ive ly . )  
It can be shown tha t  t h i s  t r a n s f e r  funct ion is a v a l i d  representa t ion  of 
many p r a c t i c a l  gunsight systems. 
i n  re ference  10 of the  t a r g e t  a i r c r a f t  of 45 seconds dura t ion  were ae lec ted  
as input t o  the  AAA system of f i g u r e  1. 
funct ions J f  time. 
prec ise ly  t o  t rackers .  
t h e  t a r g e t  motion can be derived as follows. 
Several  f lyby and maneuvering t r a j e c t o r i e s  
These t r a j e c t o r i e s  are de te rmin i s t i c  
(But t h e i r  dynamic p rope r t i e s  6T, iT, etc., are not known 
The state  space equation of t h e  gunsight system and 
where 5 denotes the  state vec tor  having two components, 
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.. 
and t h e  scalars u and 8, denote t h e  con t ro l  from t h e  AAA gunner and t h e  
t a r g e t  accelerat ion.  The t racking e r r o r  eT on t h e  v i s u a l  d i sp l ay  is 
observed by t h e  gunner and is  expressed i n  the  measurement equation: 
Y = cx (3) 
where y is t h e  observed t racking s r r o r  and C is a row vector  [l 01. 
Equations (2) and (3) w i l l  be used i n  the  next sec t ion  t o  develop an 
AAA gunner model. 
AAA GUNNER MODEL 
This sec t ion  presents  a mathematical model of an  a n t i a i r c r a f t  gunner i n  
the  compensatory tracking task.  
developing t h i s  model are: 
The main design requirements f o r  
accurate model predict ion of t racking e r r o r s  
simple model s t r u c t u r e  
systematic determination of model parameters 
In  t h i s  paper ,  the  Luenberger reduced order observer theory has been 
applied t o  design the  gunner model which s a t i s f i e s  the above design 
requirements, Figure 2 shows the block diagram of t h i s  model cons i s t ing  
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of th ree  main elements: observer,  c o n t r o l l e r ,  and remnant. The f i r s t  
element is a reduced-order observer which processes  the  gunner's 
observat ion from the  v i s u a l  d i sp lay  t o  provide an estimate of t he  states 
of t h e  AAA system. It w i l l  be shown t h a t  t h e  system equation (2) is a 
2nd order  system, but t he  reduced-order observer is  only of t h e  f i r s t  
order .  
are a l ready  ava i l ab le  by d i r e c t  measurement. The est imat ion of these  
components of the  s ta te  is not  necessary and w i l l  cause a c e r t a i n  degree 
of redundancy, The use of a reduced-order observer e l imina tes  t h i s  
redundancy and still provides s u f f i c i e n t  information t o  reconstruct  (or  
estimate) the  s ta te  of t h e  observed system. 
the  gunner's t rack ing  funct ion by an est imated-state  l i n e a r  feedback 
con t ro l  law. The observer and the  c o n t r o l l e r  c o n s i s t s  of t he  de t e rmin i s t i c  
pa r t  of t h e  gunner model. 
i n  t he  AAA man-machine closed loop system and of the  modelling e r r o r s  
are lumped i n t o  one element c a l l e d  remnant which is  the  s t o c h a s t i c  p a r t  
of t h e  gunner model. 
t h e  observation e r r o r ,  t he  neuromotor noise ,  e t c .  Mathematical equat ions 
of t h i s  model are given below, 
Since some components of t h e  state as given by the  system outputs  
The c o n t r o l l e r  represents  
The e f f e c t s  of t h e  var ious  randomness sources 
These randomness sources include t h e  modelling e r r o r ,  
Model Equations 
System equations (2) and (3) are used i n  the  design of t he  gunner 
model, 
t a r g e t  dpamics ,  so the  term represent ing  t a rge t  acce le ra t ion ,  8T, i n  
Eq. (2) w i l l  not be included i n  the  design o €  t h e  observer equation. 
The e f f e c t  on the  t racking  e r r o r  due t o  the  modelling e r r o r  of t he  gunner's 
uncertainty about t a r g e t  dynamics w i l l  be included i n  the  remnant element. 
Now from Eq, (3 ) .  
However, t h e  gunner doesn ' t  have the  prec ise  information about t h e  
y = cx - X ]  
t he  t racking  e r r o r  is ava i l ab le  from d i r e c t  observation. 
necessary t o  estimate the second component x2  of  the s ta te  vec tor  5 i n  
order  t o  implement a s ta te  va r i ab le  Feedback con t ro l  law. 
Thus, i t  is only 
gy the  
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2 reduced-order Luenberger observer theory i n  re ference  4, an estimate $ 
of the  state va r i ab le  x2 can be obtained by 
(4) ., A x2 = (a22 -lal2) x2 + k9 + (a21 - kall) y + (b2 - kbl) uc 
where a 
scalar k is the  observer gain,  y and .SI 
and bk are t h e  elements of matrices A and B i n  Eq. (2), t he  
i j 
e r r o r  r a t e  respec t ive ly ,  and uc is t h e  
c o n t r o l l e r )  with t h e  form: 
u C = -[Y, 
are the observed t racking  e r r o r  and 
l i n e a r  feedback con t ro l  l a w  ( the  
y21 
where the  feedback con t ro l  gains  y1 and y2 a r e  two cons tan ts  de te r -  
mined i n  reference 10. Note t h a t  t h e  s t f t e  feedback is composed o f  y 
( the  observed v a r i a b l e  which is x ) and x ( the  estimated state of x2 1. 
(The d e f i n i t i o n  of obse rvab i l i t y  and t h e  condi t ions of a system t o  be 
observable can be found i n  re ference  11) .  Then, by the  observer theory,  
t he re  always e x i s t s  an observer ga in  k t o  make t h e  eigenvalue of t h e  
observer (Eq. (4)) negative.  Thus, t he  output of t h e  observer w i l l  be a 
good est imat ion t o  the  state of t he  observed system, This shows the  
ex is tence  of proper obser..-?r ga in  k i n  Eq. (4). 
observer gain k is determined by a curve- f i t t ing  i d e n t i f i c a t i o n  program, 
The required d i f f e r e n t i a t i o n  of y i n  Equation (4) can be avoided by 
introducing the following var iab le :  
T t  can be shown t h a t  t he  system ( t ) and ( 3 ) is completely observable. 
Actually,  t h e  value of 
( 5 )  
h 
z ( t )  = x2 -ky(t)  
Hence the observer dynamics can be represented by 
Next, the  actual output of t h i s  model is expressed as the  sum of t he  
output uc of the  c o n t r o l l e r  and the  remnant element v. 
where the remnant term v ( t )  is modeled as  a white no i se  and i ts  s ta t i s t ica l  
proper t ies  are se l ec t ed  t o  be 
f o r  a l l  t 
(8) 
E [ v ( t > ]  - 0 
E [ v ( t )  V(T)  1 q ( t )  6 ( t  - T) f o r  a l l  t and r where 
E is t h e  expectat ion opera tor ,  6 ( t )  is the  Dirac d e l t a  funct ion and t h e  
68 
covariance funct ion q ( t )  is assumed as  a func t ion  of est imated t a r g e t  
A dynamics , A 
( 9 )  
* 2  
q(t)= a1 + a2eT (t) + " j ,2 (ti 
yhere a 
eT and ' are estimated t a r g e t  angle  rate and acce le ra t ion  respec t ive ly .  
a2, and [r are th ree  nonnegative cons tan ts  t o  be determined, and 1' 3 
OT 
Equations, of t h e  Closed-loop AAA System 
In  the  previous sec t ion ,  t h e  gunner model equat ions of t h e  observer ,  
the  con t ro l l e r ,  and t h e  remnant have been derived. 
combined with system equat ions (2) and' (3) t o  obta in  the  ma thewt i ca l  
model of t he  closed loop AAA system. 
be rewr i t ten  as follows: 
These equations a r e  
Since x1 = y, Eqs. (2) and ( 6 )  can 
.. 
.. 
% 2 = a  y + a  x + b 2 u + f 2 e T  21 22 2 
By introducing new var iab les :  
and 
e = x  - 2  3 
Eq. (10) can be rewritten as .. 
= AIX + F 8 + D1v 1 T  
w h c e  X is t he  s ta te  vec tor  of t he  o v e r a l l  system with components: 
x = [ i 3 ]  [x2:k!?] x3 - z 
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and A F1, and D1 are matrices defined a s  follows: 1' 
*1 - I (a22-ka12)kta21-kxill 
F1 = [ f:: kf ] 
f2 - kf l  
Dl * 
0 
I 1  b1 b2 - ..wl bq - kbt 
a22 - ka12 
Once the  s t r u c t u r e  of the  model is designed, t he  next s t e p  i s  t o  determine 
the  parameters assoc ia ted  with t h i s  modal ( i . e .  k, yl, y2, ul, a2, a3 
i n  Eqs. (61, (7) and ( 9 ) ) .  It is important to  have a systematic  method 
t o  determine theae parameters for a given AAA system. 
i d e n t i f i c a t i o n  program basad on the least squares curve - f i t t i ng  method 
and t h e  Gauss Newton gradient  algorithm has been developed by the  authors .  
This program can e a s i l y  determine the  parameters of tho gunner model by 
minimizing the  difference between the  model pred ic t ion  of t h e  t racking  
e r r o r  and the  corresponding empir ical  da ta .  
(mean equation and covariance equation) are used-in t h e  cu rve - f i t t i ng  
program. 
A parameter 
The following equat ions 
Let t ing  t h e  expectat ion value of X be X, then we haw, . .. 
T 
and the  covariance matrix of  X (t) i s  P ( t )  = E( (%(t) - x(t)l(X(t)-F(t)) 1; 
then i t  can Be shown in reference 11 t h a t  the  covariance matrix i s  governed 
T = AIP + PA1 + Rl q ( t )  D1 (14) 
Equations (13) and (14) are used i n  the  paremeter i d e n t i f i c a t i o n  program 
t o  f i t  the empirical da t e  obtained dram t h e  manned AAA simulat ion 
experiments conducted a t  the! Aerospace Medical Research Laboratory, 
Wright-Patterson AFB, Ohio, 
the curve- f i t t ing  pracedure can be found i n  re ference  10. 
The d e t a i l  of t h e  idan t i f  i c e t i o n  program and 
Ths r e a u l t s  
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of cu rve - f i t t i ng  parameter i d e n t i f i c a t i o n  program are shown i n  the  following 
tab le :  
I 1 
k Y 1  y2. “1 
-2.87 -1.00 0496 Azimuth 2,94 Tracking 
Elevation 3. o2 
Tracking -3.01 -1 00 .0032 
3- 
3 U 2 or 
b o 0 2 4  e103 
.00047 .259 
SIMULATION RESULTS AND DISCUSSION 
The numerical va lues  of t h e  parameters of t h i s  gunner model were 
determined in t h e  previous sec t ion  wi th  respec t  t o  t h e  gunsight dynamic 
system (Eq. (2)) and a s p e c i f i c  t a r g e t  t r a j e c t o r y .  The gunner model is 
now ready t o  be used f o r  computer simulation. 
program of t h e  AAA system with t h i s  model represent ing  the  gunner response 
was developed. The input t o  t h i s  program is t h e  t a r g e t  motion t r a j e c t o r y .  
The outputs  are t h e  model p red ic t ions  of t h e  ensemble mean and standard 
devia t ion  of the  t racking  e r r o r .  A t y p i c a l  r e s u l t  is p lo t t ed  In f i g ,  3 
for  a s p e c i f i c  t a r g e t  t r a j e c t o r y ,  The solid l i n e  i n  f i g .  3 denotes t h e  
A computer simulation 
- EMPIRICAL DATA 
--e- MORL MEOtCTlON 
7 1  
empirical d a t a  of t h e  sample ensemble mean f o r  azimuth t racking  e r r o r s ,  
The corresponding model pred ic t ion  is denoted by t h e  dot ted  l i n e  i n  f i g  3. 
There is an exce l l en t  match between these  two curves. 
between model p red ic t ions  and empir ica l  da t a  f o r  several o the r  f lyby  and 
maneuvering t a r g e t  t r a j e c t o r i e s  can be found i n  r e fe rence  10. A l l  t h e  
simulation results show t h a t  t h i s  gunner model with the  same parameter 
va lues  can predic t  accura te ly  t h e  t racking  e r r o r s  f o r  var ious  t a r g e t  
trajectories with similar frequency band widths, Therefore,  i t  is a 
p red ic t ive  model. The va lues  of t h e  model paremeters depends on t h e  gun- 
s i g h t  dynamic system. Furthermore, t h i s  model is adapt ive  with respec t  t o  
t h e  t a r g e t  motion and t h i s  adapt ive  property is considered i n  t h e  
s t r u c t u r e  of t h e  covariance func t ion  (Eq. (9)) of t h e  remnant element. 
Similar comparison 
A comparison of t h e  model p red ic t ion  accuracy between t h i s  model 
and t h e  optimal con t ro l  model i n  re ference  7 has been done f o r  s e v e r a l  
t a r g e t  t r a j e c t o r i e s .  
p red ic t ions  of t racking  e r r o r s ,  A t y p i c a l  result is shown i n  f ig .  4 
for a f lyby  t r a j ec to ry .  
A l l  t h e  results show that both models give accura te  
It is obvious t h a t  t h e  gunner model developed i n  
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t h i s  paper can p red ic t  t he  t racking  e r r o r s  as accura te ly  as those obteined 
by the optimal. con t ro l  model. However the  computer execution time of 
s imulat ing the  AAA gun system using the  gunner model is less than 15% 
of t h a t  by t h e  opti.cal. con t ro l  model. It is a primary advantage of a 
model with simple s t ruc tu re .  I t  can be concluded t h a t  t he  gunner model 
based on observer theory is very useful  i n  the  ana lys i s  o€  t he  performance 
of the A M  gun system, 
CONCLUSION 
The Lucnberget observer theory has been appl ied t o  design an 
a n t i a i r c r a f t  gunner model which is composed oE a reduced-order observer ,  
tl state  va r i ab le  feedback c o n t r o l l e r  and a remnant element. The h',,h- 
l i g h t s  of t h i s  model are stmple i n  the  structure snd accurate in t he  
model pred ic t ion  of t rack ing  e r ro r s .  The key  c!.asip requirement is t o  
make the  model s t r u c t u r e  simple so t h a t  i t  can shorten conlputer s imulat ion 
time. 'Et has alsa been shown i n  f igu res  3 and 4 t h a t  t h i s  model can 
p red ic t  t h e  t racking e r r o r s  accurately.  
l d c n t i f  i co t ion  program based on the  least squares curve-f i t t i n g  method and 
t h e  Gauss Newton algorithm has been used t o  systematical ly  determine t h e  
numerical values  of the  model parameteus. 
used t o  s tudy the  AAI\ e f fec t iveness  of severa l  a i r  defense waapm systems 
a t  the  Aerospace Medical Research Labor'atory, Wright-Patterson AFII. 
A1.1 the results show t h a t  i t  is an ac Jrare and e f f i c i e n t  a n t i a i r c r a f t  
gunner model, 
I n  addi t ion ,  c parameter 
This gunner model has  been 
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U n i v e r s i t y  of I l l i n o i s  
Urbana, I l l i n o i s  
SUMMARY 
Modeling t h e  human as a c o n t r o l l e r  of s lowly  responding systems 
w i t h  preview is cons idered .  Along with c o n t r o l  tasks,  discrete non-control 
t asks  occur  a t  i r r e g u l a r  i n t e r v a l s .  I n  m u l t i t a s k  s i t u a t i o n s  such as these, 
i t  has been observed t h a t  humans tend t o  a p p l y  piecewise c o n s t a n t  c o n t r o l s .  
It is be l i eved  t h a t  t h e  magnitude of c o n t r o l s  and t h e  d u r a t i o n s  f o r  which 
t h e y  remain c o n s t a n t  are dependent d i r e c t l y  on t h e  system bandwidth, preview 
d i s t a n c e ,  complexity of the t r a j e c t o r y  t o  be fo l lowed,  and n a t u r e  of t h e  
non-cont ro l  tasks. A simple h e u r i s t i c  model of human c o n t r o l  behavior  i n  
t h i s  s i t u a t i o n  is p resen ted .  The r e s u l t s  of a s i m u l a t i o n  s t u d y ,  whose 
purpose was de te rmina t ion  of t he  s e n s i t i v i t y  of t h e  model t o  i t s  parameters, 
are d i scussed .  
INTRODUCTION 
Although s c z c e s s f u l  o p e r a t i o n  of an a i r l i n e r  is now p o s s i b l e  from 
t ake -o f f  t o  touchdown w i t h  minimum invol.vement o f  t h e  human p i l o t  [ l ]  he 
must s t i l l  perform v a r i o u s  r o u t i n e  checks i n  t h e  cour se  of a normal f l i g h t .  
In a d d i t i o n ,  even when f l y i n g  on a u t o p i l o t ,  c o n s t a n t  moni tor ing  o f  v a r i o u s  
in s t rumen t s  is necessary  t o  detect any o u t  of t o l e r a n c e  s i g n a l s  and abnormal 
occurences  of any even t s .  F u r t h e r ,  ma l func t ions  o r  chanaes i n  a tmosphe r i c  
c o n d i t i o n s ,  f o r  example, might r e q u i r e  t h a t  t h e  p i l o t  take o v e r  c m t r o l  and 
mke course  changes that  are d i f f e r e n t  from t h e  preplanned t r a j e c t o r y .  Thus, 
despite advances i n  au tomat ion ,  human c o n t r o l  of aircraft  is c e r t a i n l y  still  
of i n t e r e s t .  
bhen t h e  human i s  c o n t r o l l i n g  a p l a n t *  i t  h a s  been observed that 
t h e  c o n t r o l s  a p p l i e d  are n o t  always con t inuous .  Continuous c o n t r o l s  a r e  
necessa ry  and are crbserved when t h e  time c o n s t a n t s  involved  are rather small 
and t h e  d e v i a t i o n s  from some r e f e r e n c e  t r a j e c t o r y  must be kept  w i t h i n  some 
c l o s e  t o l e r a n c e .  But when t h e  time c o n s t a n t s  are r e l a t i v e l y  larRe, i t  is 
unnecessary and a l s o  d i f f i c u l t  t o  a p p l y  t h e  r i g h t  amorjnt of con t inuous  
c o n t r o l .  For  s lowly  responding  processes it is  o f t e n  s u f f i c i e n t  and 
desirable t o  a p p l y  s tep- l ike  c o n t r o l s  i n t e r m i t t e n t l y .  T h i s  q i v e s  Lw 
o p p o r t u n i t y  t o  obse rve  the actual behavior of the system, compare i t  with t h e  
T h i s  research was suppor t ed  by t h e  Na t iona l  Aeronau t i c s  and Space 
A d d n i s t r a t i o n  under NASA-Ames Grant  NSG-2119. 
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predicted behavior ,  and take c o r r e c t i v e  a c t i o n .  T h i s  u s u a l l y  p r e v a i l s  i n  a 
t r a c k i n g  s i t u a t i o n  where a c e r t a i n  l e n g t h  of the f u t u r e  commznd t r a j e c t o r y  is  
a v a i l a b l e ,  a l o n g  with t h e  p r e s e n t  r e q u i r e d  p o s i t i o n .  F u r t h e r ,  applying t h e  
s tep- l ike  c o n t r o l s  also frees t h e  human t o  engage i n  non-control  t a s k s .  I n  
f'act, this kind  of behavior  is common i n  process c o n t r o l  s i t u a t i o n s  ana  also 
h a s  been observed i n  s i m u l a t i o n s  of' a f l i g h t  manaqeaent s i t u a t i o n  [2], [31. 
khen preview of the command trajectory for  a c e r t a i n  d i s t a n c e  
i n t o  t h e  f u t u r e  is a v a i l a b l e ,  i t  is l i k e l y  that  t h e  human would a p p l y  
s tep- l ike  c o n t r o l s  so as  t o  minimize the f u t u r e  t ra jec tory  d e v i a t i o n s  rather 
than  i n s t a n t a n e o u s  d e v i a t i o n s .  A model which appears r e a s c n a b l e  is one which 
updates  t he  expected d e v i a t i o n s  of the cost o v e r  t h e  l e n g t h  of t h e  previewed 
trajectory and  u s e s  t h i s  in format ion  alonq wi th  t h e  knowledge t h a t  i t  %osts" 
to  change c o n t r o l  va lues .  The o o s t  t o  change c o n t r o l  reflects t h e  fact  that 
non-control tasks must be a t t e n d e d  t o ,  though they  may n o t  be of primary 
importance.  The "cost*i i s  t h u s  due t o  t h e  P e e l i n g  that the  wm-cont ro l  tasks 
would "suffer" i f  a t t e n t i o n  is focused  away from them and on t h e  primary task  
alone. ?h i s  cost may mani fes t  i tself as a t o l e r a n c e  threshold  f o r  error 
below which nc a c t i o n  is taken.  A measure f o r  t h e  cost  of n o t  a t t e n d i n g  t o  
t h e  subsystem tasks is a v a i l a b l e  as a f u n c t i o n  of v a r i o u s  p robab i l i t i e s  and 
c o s t s  f o r  d e l a y  of subsystem tasks  [41. 
BACKGitOblUD 
O f  t h e  a v a i l a b l e  models fo r  manual c o n t r o l ,  the opt imal  c o n t r o l  
model would appear t o  be a s u i t a b l e  candida te .  t;owever, t h i s  model assumes 
that c o n t r o l  remains non-zero at a l l  times whereas i n  a n  i n t e r m i t t e n t  c o n t r o l  
s i t u a t i o n ,  c o n t r o l  is  z e r o  for a s i g n i f i c a n t  p o r t i o n  of the time. hence t h e  
mean f r a c t i o n  of time devoted s o l e l y  to c o n t r o l ,  corresponding t o  non-zero 
c o n t r o l  i n t e r v a l s ,  cannot  be c a l c u l a t e d  w i t h  t h e  optimal c o n t r o l  model. For 
a g i v e n  f r a c t i o n  of a t t e n t i o n ,  t h e  convent iona l  optimal c o n t r o l  model 
predicts only  bhS errors and HMS c o n t r o l  a c t i o n s .  While r e c e n t  v e r a i o n s  of 
t h e  model do y i e l d  a measure of a t t e n t i o n  t h a t  should  o p t i n a l l y  be used f o r  
monitor ing subsystems that  dynamically ?elate t o  t h e  c o n t r o l  task, subsystem 
tcc.sks t h a t  only remotely relate t o  t h e  a i rcraf t ' s  dynamic response  cannot  be 
considered.  F u r t h e r  , i n  m u l t i t a s k  s i t u a t i o n s  the optimal c o n t r o l  model 's  
performance cr i ter im , which minimizes mean squared  d e v i s t i o n s ,  may n o t  be 
appropriate. F i n a l l y ,  these approaches do n o t  y i e l d  any p r e d i c t i o n s  of the 
s p l i t  of' a t t e n t i o n  between c o n t r o l  and non-control  t a sks  or a b o u t  t h e  
p r o b a b i l i t y  t h a t  t h e  human is invo:.ved i n  t h e  c o n t r o l  o f  a c o n t i n u o u s  system 
a t  any p a r t i c u l a r  i n s t a n t .  
The human i n  m u l t i t a s k  s i t u a t i o n s  has been modeled by k'alden and 
House C31 as a ' se rver '  i n  a queue where 'customers '  are t h e  c o n t r o l  and 
non-control tasks. The customers are assumed t o  a r r i v e  for  s e r v i c e  wi th  
e x p o n e n t i a l l y  d i s t r i b u t e d  i n t e r - a r r i v a l  times (Poisson a r r i v a l s .  ) S e r v i c e  
times are Erlang-k d i s t r i b u t e d .  Some customers have a h i g h e r  p r i o r i t y  o v e r  
others (e.g.8 c o n t r o l  tasks o v e r  non-contsol t a s k s . )  There are u t o t a l  of N 
customers i n  t h e  populat ion ( t o t a l  number o f  p o s s i b l e  tasks the human may be 
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called upon t o  a t t e n d ) ,  and N spaces are a v a i l a b l e  i n  t h e  queue (i.e.. a t  
worst a l l  t h e  N systems may r e q u i r e  s e r v i c e  s imultaneously.)  Th i s  s i t u a t i o n  
can be modeled as a (W/Ek/l:PRP/N/k) queue. (See r e f e r e n c e s  [5] or 163 f o r  
details about t h e  no ta t ion . )  The queueing model predicts t h e  f r a c t i o n  of time 
s p e n t  i n  each type  of task  ( i .e. ,  s e r v e r  u t i l i z a t i o n ) .  The emphasis i n  t h i s  
model is  on t h e  subsystem task performance. The c o n t r o l  task is modeled i n  
t h e  s e n s e  t ha t  performing it  consumes time. However, measures characterizing 
c o n t r o l  performance ( i .e . ,  RMS e r r o r s )  are no t  a v a i l a b l e .  
Ah I N I T I A L  WDEL 
Some s u c c e s s  has been achieved us ing  a h e u r i s t i c  model t o  
describe c o n t r o l  o f  an aircraft (with s impl i f i ed  dynamics) i n  a h o r i z o n t a l  
plane. I n i t i a l  computer s imula t ions  i n d i c a t e  t h a t  t h i s  could be  a f r u i t f u l  
approach. A piece-wise s t r a i g h t  l i n e  map w a s  created us ing  uniformly 
d i s t r i b u t e d  random v a r i a b l e s  f o r  t h e  length  of  s t r a i s h t  l i n e  s e w e n t s .  The 
m g n i t u 2 e s  f o r  a n g l e  of t u r n  between segments were chosen frail nine values  
(10'-90 ) w i t h  equa l  p robab i l i t y .  The d i r e c t i o n  was chosen randomly. This  
t y p e  of map w a s  desiqnea because of the f l e x i b i l i t y  i n  determining t h e  
parameters. It is a s imple matter t o  change t h e  p r o b a b i l i t y  d i s t r i b u t i o n s  of 
var ious  parameters of t h e  pa th ,  so t h a t  d i f f e r e n t  cond i t ions  could be  easily 
tested. It was assumed t h a t  t h e  aircraft  would be  moving forward wi th  
cons t an t  speed. A po in t  moved along the map corresponding t o  t h e  desired 
aircraft p o s i t i o n .  A d i s t a n c e  equ iva len t  to two time cons tan t s  ahead of t h e  
desired p o s i t i o n  on t h e  map was shown as preview. Only l a te ra l  motion was 
considered. Con t ro l  i n  t h e  h o r i z o n t a l  plane was achieved through u s e  of t h e  
a i l e r o n  t o  change t h e  bank angle. The dynamics are shown i n  F igu re  1 .  
&Aileron Angle 
W-Yaw Angk 
#-Roll Awl. 
V-Angle &ween velocity vector I V  I and Y axis 
Fig. 1 Simp!ified Lateral Dynamics - 
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The d e v i a t i o n  f rm t h e  desired p o s i t i o n  was c o n s t a n t l y  monitored. 
A perfect i n t e r n a l  model of the aircraft bas assumed. A t  e v e r y  t ime i n s t a n t ,  
t h e  model c a l c u l a t e d  the f u t u r e  p o s i t i o n s  f o r  t h e  e n t i r e  preview length 
assuminq t h a t  t h e  ro l l  a n g l e  would be zero. A t  any p o i n t ,  t h e  error was 
c a l c u l a t e d  as t h e  d e v i a t i o n  from t h e  commanded p o s i t i o n ,  i n s t e a d  of t h e  
p e r p e n d i c u l a r  d i s t a n c e  t o  t h e  map 
It appears r e a s o n a b l e  t o  e x p e c t  $hat t h e  impor tance  g i v e n  by t h e  
h u m 9  o p e r a t o r  t o  d e v i a t i o n s  from t h e  desired t r a j e c t o r y  w i l l  va ry  a l o n g  t h e  
length of the t r a j e c t o r y .  Dev ia t ions  a t  the  c u r r e n t  time cannot  be corrected 
o r  changed s i g n i f i c a n t l y  due t o  t h e  slow response  of t h e  system. Also, t h e  
expected d e v i a t i o n s  n e a r  t i e  end of the previewed 2ornmand t r a j e c t o r y  need n o t  
be cons ide red  i n m e d i a t c l y ,  s i n c e  enough time w i l l  be a v a i l a b l e  i n  the  f u t u r e  
t o  correct these. F u r t h e r , .  any  changes “beyond t h e  ho r i zonH that would come 
i n t o  view soon can reasonably  be ignored .  Accord ingly ,  t h e  human miqht 
weight t h e  mid-portion of the previewed command more t h a n  either end.  So 
t h e  weight ing  f u n c t i o n  for errors would i n c r e a s e  t o  a maximum (from Zero), 
about  one time c o n s t a n t  f rcs  t h e  c u r r e n t  p o s i t i o n ,  and decrease a g a i n  t o  a 
n e a r  
t h i  
zero 
, - - -. - - . I#FLRp(cII -- 
Fig. 2 Simulation Rcults : Heuristic Model 
pred i  
keighted error is squared  and  aummed ove r  t h e  preview l eng th .  If 
bed error f u n c t i o n  exoeeda a c e r t a i n  threshold,  ’ a i l e r o n ’  is held 
a t  a maximum va lue  u n t i l  maximum bank angle is reached. If t h e  error is 
w i t h i n  t h e  th re sho ld ,  the bank angle is made zero. Cons tan t  weights on 
e r r o r s  were uaed for  t h e  s i m u l a t i o n .  The resdlts are shown i n  F i q u r e s  2 and 
3 and appea r  r easonab le .  ‘l’he time i n t e r v a l s  cor responding  t o  non-zero 
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aileron action give a direct  measure of fraction of time required f o r  control 
which is proposed as a correlate of workload. Although t h e  human must 
continuously monitor f o r  cumulative error ,  workload due t o  t h i s  is assumed 
negligible compared t o  t h e  workload involved i n  control where he must watch 
t h e  e f fec t  of h i s  actions more cwrefullv. 
=l=kLL=c 0 I 19 3 4 S 
Fn.3 Control and Roll Ande Historv for a Given Course Chanse 
Simulation experiments were conducted usil.,: f ract ional  
factor ia l  design t o  f i n d  out the sensi t ivehelevant  parameters. A resolution 
VI design was used so t h a t  no main e f fec t  or two factor interaction is 
confounded w i t h  any other main e f fec t ,  two factor interaction, or  three 
factor interactions. Tho followinq parameters were assumed t o  a f fec t  
performance: 
1. Dynamics ( T o f  the process), 
2 Average a r r iva l  r a t e  of t u r n s ,  
3 Standard deviation 
of course changes 
4. Amount of preview 
5 Weiqhting function, 
6 lhreshold on cumulative 
weighted error .  Low Hiqh 
R4S errors and the fraction of' time s p e n t  on control were used  as performance 
measures. A constant function (rectangular) and a triangular function were 
used for  weighting on errors* For other parameters, two extreme values were 
chosen, to  obtain a t o t a l  of 32 different conditions. Exponentially 
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diskributed segment lengths and normally distributed angles of turn were used 
for the map. For each condition, two replications were run. The results are 
mown i n  Tables I and 11. 
Table I 
Analysis for RMS Error 
Factor 
1 
2 
3 
4 
5 
6 
12 
13 
14  
15 
16 
23 
24 
25 
26 
3 Y 
35 
36 
45 
46 
56 
Average 
hrror 
Total 
Ef fec t 
4.433 
-0 -671 
1.477 
4.087 
-1 0397 
0.622 
-0 -268 
1 .lo8 
4.174 
-0.886 
-0.250 
-0.288 
0.335 
1 a315 
0.049 
0.383 
1.295 
0 197 
-0,914 
0.256 
0.124 
4 ~ 1 9 2  
Sum of 
Squares 
314.409 
7,206 
34.887 
267.247 
31.219 
6 -188 
1.145 
19.653 
278.7 26 
12.557 
1.004 
1 0325 
0.038 
1.794 
27.676 
2.353 
26.822 
13.364 
0.246 
0 .G 19 
1.062 
100.774 
1153 -313 
DOF' 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
I 
1 
1 
1 
1 
42 
63 
E' Ratio 
131.037 P < 0.001 
14.540 P < 0.001 
3.003 
111.381 P < 0.001 
13.011 P < 0.001 
2.579 
9.477 
8.191 P < 0.01 
116.165 P < 0*001 
5.233 P < 0.05 
0.552 
0.016 
0.7JitJ 
0.979 
0.258 
5.570 P < G1025 
0.443 
0.102 
0.418 
11.535 P < 0.005 
11.179 P < 0.005 
( 1-Period e 2-Segment Length* +Angle of Turn, 
4-Preview Length, 5-height, 6-Thrzshold) 
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Table I1 
Analysis fo r  Fraction of Attention 
Factor 
1 
2 
3 
4 
5 
6 
12 
13 
14 
15 
16 
23 
24 
25 
26 
34  
35 
36 
45 
46 
56 
Average 
Error 
Total 
Effect 
0.231 
-0- 057 
0.0 17 
0.144 
-0.117 
-0.139 
0.004 
-0.018 
0.269 
0.000 
0.004 
0.067 
0.030 
0.005 
0,060 
-0.074 
0.047 
-0.043 
0.005 
0.048 
0.090 
0.256 
Sum of 
Squares 
0.656 
0.051 
0.005 
0.331 
0.218 
0.311 
0.000 
0 005 
1.158 
0.000 
0.000 
0.072 
0.014 
0 000 
0.058 
0 087 
0.035 
0.030 
0 000 
0 037 
0.129 
1.082 
4.479 
DOF 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
42 
63 
P Ratio 
33.221 P < 0.001 
1.999 
0.181 
12.837 P < 0.001 
8,468 P < 0.01 
12,084 P < 0.005 
0.011 
0.206 
0.000 
0.008 
2.783 
0.541 
0.017 
2.234 
3 -359 
1-  374 
1 155 
0.014 
1.435 
5.011 P < 0.05 
44.963 P < 0.001 
( l-Period a &Segment Length, 3-Angle of Turn, 
4-Preview Length 5-weight, 6-Threshold) 
It can be seen that period, preview length and their interaction 
have the largest  effect  on performme. Different weightin& functions also 
affsdt  performance. I n  addition, RMS error 1s affected by t h e  magnitude of 
t u rns  and various interactions. Fraction of time spent on control i s  
affected by t h e  threshold. Higher threshold values reduce t h i s  fraction. 
Though the interaction of mean segment length and threshold 
affects  the hPU error, segment length alone does not affect  either of the 
perf'ornlance measures. This could be due t o  the constant forward speed i n  a l l  
cases, vhereas the mean segment length is scaled by the time constant. For 
slower process, for  a given threshold any error that  may result takes a 
longer ti:w t o  reduce t o  zero. Since t h e  'vehicle' would stay away from t h e  
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t r a j e c t o r y  for a l o n g e r  t i m e r  h ighe r  KUS error r e s u l t s .  
R e l a t i v e l y  high workload as well as h ighe r  hMS error is observed 
f o r  t h e  slower process wi th  l o n g e r  preview. Once t h e  threshold  is exceeded,  
t h e  model app l i e s  an appropriate amount of c o n t r o l .  However, due t o  the slow 
response ,  t h e  magnitude of error remains n e a r  t h e  threshold for  some time. 
b u t ,  t h e  error c o u l d  change s i g n  as new p o i n t s  come i n t o  view,  and mfGht c a l l  
for  a d i f f e r e n t  c o n t r o l  a c t i o n .  Due t o  l o n g e r  prev iew t h e  error changes 
sign q u i t e  f r e q u e n t l y .  r e s u l t i n g  i n  i n c r e a s e d  c o n t r o l  a c t i o n .  This  a g a i n  
r e s u l t s  i n  t h e  error remaining n e a r  t h e  th re sho ld .  Thus, behav io r  similar t o  
a l i m i t  c y c l e  r e s u l t s  which, i n t e r e s t i n g l y ,  has  been observed when na ive  
s u b j e c t s  c o n t r o l  slok: processes. l h i s  c o u l d  p o s s i b l y  be avoided by havinq 
one t h r e s h o l d  above which control is a c t u a t e d ,  and a lower  th re sho ld  below 
which c o n t r o l  is made zero. 
CONCLUSIONS 
The n e x t  phase  of t h i s  work w i l l  i n v o l v e  davelopment of a n  
expe r imen ta l  s i t u a t i o n  f o r  u s e  w i t h  human s u b j e c t s .  hon-cont ro l  tasks w i l l  
be inc luded  to  s i m u l a t e  a mul t i t a sK environment. Simple a r i t h m e t i c  tasks may 
be  used. M u l t i p l i c a t i o n  tasks wi th  keyboard e n t r y  of r e s u l t s  a r e  a 
p o s s i b i l i t y .  Complexity and t h e  rate a t  which these are p r e s e n t e d  could be 
Varied, so c o n t r o l  task e r r o r  c r i t e r i o n  f i . e , ,  t h e  t h r e s h o l d '  may perhaps  be 
lllil ni pu la  t ed 
The p o s s i b i l i t y  of developing  a n a l y t i c a l  models us ing  t h e  min-max 
approach [ ' I ] ,  [6) , [ g ] ,  [ 101, s a t d s f a c t i o n  approach [ 111, and f u z z y  sets [ 121 
w i l l  be pursued. An attempt w i l l  be made t o  cast o w  problem i n  B form 
s u i t a b l e  f o r  a n a l y s i s  u s ing  t h e  above methods, w i t h  possible m o d i f i c a t i o n s  
where necessary .  E s p e c i a l l y  i n t e r e s t i n g  i n  t h i s  regard is :he s a t i s f a c t i o n  
approach.  lt my be possible  t o  fo rmula t e  o u r  problem i n  t h i s  framework, and 
o b t a i n  a h e u r i s t i c - b a s e d  s o l u t i o n  w i t h  t h e  a d d i t i o n  of a few c o n d i t i m s  
related to  t h e  problem s t r u c t u r e .  With these models a v a i l a b l e ,  a more 
realistic exper i r ren t  w i l l  be  developed us ing  t h e  Genera l  Av ia t ion  T r a i n e r  I1 
(tiAT 11). Along wi th  t h e  c o n t r o l  task, t h e  non-cont ro l  tasks w i l l  be made 
more real is t ic .  
I n  summary, a s imple  h e u r i s t i c  model for t h e  c o n t r o l  task was 
presen ted .  S imula t ion  r e s u l t s  for a set of c o n d i t i o n s  d e s c r i b i n g  v a r i o u s  
tra jectcries were g i v e n .  The c o n t r o l l e r  par t  assumes perfect i n t e r n a l  model. 
Only t h e  threshold must be de termined  t o  y i e l d  i n t e r m i t t e n t  o o n t r o l .  The 
per iod  and t h e  preview l e n g t h  were found t o  be t h e  mast importsat parameters  
a f f e c t i n g  performance. Th i s  w i l l  form t h e  tia3is fo r  proposed exper iments  
w i t h  humans. The model w i l l  be r e f i n e d  t o  take i n t o  account  t h e  r e s u l t s  of 
these experiments  and then ,  w i l l  be used  a l o n g  wi th  a queueing  model f o r  
non-control  t a s k s ,  t o  model t h e  o v e r a l l  m u l t i t a s k  s i t u a t i o n .  
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T?E INTERHAL MaDEL: A STUDY OF THE REUTPVE CONTRIBUTION 
OP PROPRIW?3PTION AND VISUAL INFOUWTION TO FAILURE 
DETECTION IN DYNAMIC SYSTeMS* 
By Colin Kecrel rad chrtrtophvr D. Wickenr 
Department of Pmychology, Univerrfty of I l l i nOi r  
The developornt of the in t e rna l  model a8 it pertafnr t o  the detect ion of 
r t e p  changer i n  the order of control  dynamicr Lr inver t iga t td  for two mode8 
of participation: 
m i c a  or are monitoring an autopi lot  cont ro l l ing  them, A t r a n r f t r  of t ra in-  
Lng derign war used to evaluate the r e l a t ive  contribution of proprioception 
and v i rua l  inforar t ion to  the overa l l  accuracy of the in t e rna l  model, Six- 
teen 8 U b j e C t 8  e i t h e r  tracked or monitored the ryrtcm d-icr aa 8 2-dhen- 
r i m 1  purrui t  dioplry under r ingle  ta rk  condition8 and concurrently with a 
" r ~ b - c r i t i c a l ~ ~  tracking t a rk  a t  two d i f f i c u l t y  levelr .  Detection p r f o r u n c e  
war f a r t e r  and more accurate i n  the manual 88 opportd to  the  autopi lot  rode. 
The concurrent trackin8 tadc produced a decrearnt i n  detect ion p r f o n u n c r  fo r  
a11 condition8 though th io  y.r more u r k t d  for the manual mode. n# develop- 
met& o f  an in te rna l  model i n  the manual aode txanrfcrted pori t ively t o  the 
r u t m a t i c  d e  producing enhanced detect ion perfomonce. There was no t ranre  
f e r  fror, the i n t e n u l  model developed i n  the autosrtic laode to  the manual 
d e .  
whether the rubjectr  are ac t ive ly  control l ing thore dy- 
Over the par t  few years them har been a great dea l  of rercrrch directed 
a t  the problem of d e t e n i n i n 8  the differencer  between operatorr and monitor, 
of d y n u i c  ryr tenr  (Referencer 1-7). While the conclurionr reached by throe 
autbotr  do not 8lwayr coinaide, there  i o  a general conrenrur that a @mater 
underatanding of the d i f f e ren t  procerrcr operating i n  the two d e r  of patti- 
cipat ion i r  necrrrary for  the ruccerrful  inte8rat ion of au tamted  oyrtenr i n  
tho workplace . 
We have provided 8 d e t a i k d  theoretical ana ly r i r  of the procrrrer in- 
volved i n  the two d e r  of par t ic ipa t ion  (Reference 7), Briefly, t h io  amla 
yair ha0 argued tha t  ona way In which the differences between d e r  of parti- 
cipat ion con be rtudird i r  by d e t e r r i n h g  the r e l a t ive  r r a e i t i v i t y  of operatorr 
verrua ron i to r r  i n  a f a i lu re  detect ion tark. 
7 8  rerearch v18 funded by the Life  ScLencer Program, A i r  ?ora  Office 
of Sc ien t i f i c  Rerearch, Contract N d c r  ?44620-76-C-0009, Dr .  Alfred 
Three r t t r i b u t e r  were ident i f ied tha t  would r e e ~ i n g l y  f a c i l i t a t e  f a i lu re  
(I) detect ion i n  the control l ing mode: 
d e l  of the ryrtcm; (ii) the  option, of t es t ing  hypothercr about the nature 
of the d y n u i c r  by introducing rignrlm i n t o  the rystem; and (iii) 8 grea ter  
nuaber of information channels avai lable  upon which to  b r a  f a i l u r e  detection 
decisionr. It was recogaired however, tha t  t h i r  l a t t e r  rdvant8ge my bo. w i t -  
igated to  the extent that :  
of vista81 error infoxmation 8nd, b) 
viruar. 
a smeller Var iab i l i ty  of t b t  in te rna l  
8 )  adaptation taker place reducing the s t rength 
proprioceptive senrSt iv i ty  is le88 than 
I n  canprimon zte monitoring d e  war a h 0  characterired by two a t t r i -  
butes tha t  could f a c i l i t a t e  detectionr:  a grearter 'tstrength" of the v i r w l  
r ignal  (if a d a p t a t i o ~  by the autopi lot  doer not take place) and 8 lower 
level O X  operator workload, 
The rtudy conducted (Reference 7) t o  t e a t  the above theoret ics1 ana lyr i r  
found tha t  detection perfotavnce i n  the manu81 mode was f 8 r t e r  and only 
s l i g h t l y  le81 accurate than the autopi lot  mode, Furthemore the  obrerved 
-nu81 superior i ty  war a t t r ibu ted  to  the addi t lonr l  proprioceptive infoma- 
t ion  resu l t ing  f r m  operator control mkptat ion t o  the  ryrrtea change. It 
I8 porrible tha t  ~ o m e  contribution t o  manu01 mode ruperior i ty  in our prior 
rtudy t c r u l t t d  from the gxe i te r  t n t r rna l  model consfatency in thrat mode, 
Howaver t h i r  hypotheria war ar rmed co be doubtful bacaure 8 within rubjectc 
design war employed, 80 that the SUI rubject8 par t ic ipated In both a u t a u t i c  
and u n u a l  conditionr, Thur the intcrnvl  mwsl developed i n  manual condi- 
t imr would p r e r u r b l y  be avai lable  to  f a c i l i t a t e  detection i n  the r u t a r t i c  
Condi$iOn8 88 W l l .  
In  order to  generate 8 greater  dimtinction between the in te rna l  laedrt 
employed i n  the two moder, the prerent rtudy employed a between rubject de- 
sign uring a t r aa s fe r  of t ra ining technique. Thir pocedure enabler an 
examination of the d e w l o p e n t  of i n t e r n 1  models, in t h e  two w d e r  of par- 
t ic ipat ion,  and rubrequcntly rnearurer t h e i r  impact upun t r an r fe r  to the other  
mode. 
It war hypothesized t h a t  t h i r  t rchniqw uould Increame the d i f f e r e n t i a l  
performance i n  detection between the two moder oE participatian uhile a t  the 
rllw time d a m r t r a t i n g  that  the in te rna l  d e l  developed in the vmrl rrod+ 
can rubrrquently be u t i l i zed  to  f a c i l i t a t e  a rc t au t i c  mdc f a i l u r e  detect ion 
per fomncc .  
Sub_lcy& : 
were paid baw rate of $2.50 pat haw but could inomare rneir .wrap 
pay by u i n t r i n i n g  a high level of detection perfor~~nce. 
The uubjcctr ware 18 rl$ht-h.nJad urle univcrr i ty  studentr. Subjcctr 
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Apparatu?: 
The basic  expet fmnta l  equipment included a 7..S x 10 cm Hewlett Packard 
Model 1300 CRT display, a spring-centered, dwl -ax i s  tracking hand control 
with an index-finger t r i gge r  operated with the r igh t  hand, and a spring 
loaded f inger  cont ro l le r  operated with the l e f t .  A Raytheon 704 16-bit dig- 
i t a l  computer w i t h '  24k mutory an# A/D, D/A in te r fac ing  war used both to gen- 
erate inputs t o  the tracking display and t o  process responses of the subject. 
The subject was seated on a cha i r  with two am res ts ,  one for the  tracking 
hand cont ro l le r  and one fo r  the side-task finger control ler .  
eyes were approximately 112 centimeters from the CRT display so t ha t  the dis-  
play subtended a visual  angle of 1.5'. 
The subject 's  
Tracking tasks. The primar: pursuit-tracking task required the subject 
to  match the  posit ion of a cursor with tha t  of a t a rge t  which followed a 
semi-predictable two4tmensional path across the display. The t a rge t  ' 8  
path was determined by vhe suamation of two non-harmonically re la ted sinus- 
oids (.OS and .OS Hz) along each axis with a phase o f f se t  between the axes. 
The posit ion of the follawing cursor was controlled j o i n t l y  by the subject 's  
control response and by a band-limited forcing function with a cutoff f re -  
quency of .32 Hz for  both axes. Thus the two inputs to  the system were well 
d i f fe ren t ia ted  i n  terms of predictabi l i ty ,  bandwidth, and focus of e f f ec t  
( target  vs. cursor). The control dynamics of the  tracking task were of the 
fo r  each axis, where a was the variable form 
parameter used t o  introduce changes in the  system dynamics, These changer, 
o r  simulated fa i lures ,  were introduced by s t e p  changes i n  the accelerat ion 
constant a from a noma1 value of .3, a mixed veloci ty  and accelerat ion sys- 
tem, t o  a = .9, a system tha t  approximates pure second order dynamics tha t  
requires the operator t o  generate congiderable lead i n  order t o  m i n t r i n  
s tab le  performance. 
+ +  
1 4  P -  
S 
As the  loading task, the Critical Task (Reference 8) war employed. 
This was displayed horizontal ly  in the center of the screen and required the 
subject t o  apply force to the f inger  control  i n  a l e f t - r igh t  d i rec t ion  t o  
maintain the unstable e r r o r  cursor centered on the diaplay, The value of - -  
the i n s t a b i l i t y  conrtant 1 i n  the dynamics k X  war set at  a 
% s - x  
constant subc r i t i ca l  value. Two values (I- 0.5 and A= 1.0) were employed on 
d i f fe ren t  dual task trials. 
Exuerimental Design and Task: 
Three groups were used i n  the t t an r fe r  of t r a in ing  design (a te  Figure 1). 
Group one transferred f rau  manual (MA ) on rerrion one to  aut-tic (AU ) on 
remion two; group two tranrferred fr&a automatic (AU ) to manual (MA j'whilc 
group three was the control  group f o r  the automatic c&ndition and aonfgored 
i n  the automatic mode i n  both eesrionr (AU and AU ). The control  
group fo r  the manual group (MA ) wa8 MA .'(Be vario@(@oup caaparisonr 
a re  represented i n  Figure 1 by'irtowr ani w i l l  be referred t o  a t  grea te r  
length in the  rerultrr rtotion. 
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Each group participated i n  six 
consecutive days of data collection. 
There were divided i n t o  two sessioar; 
3 days in each sessiod with each rea- 
group ofie for example participated i n  
3 manual (MA ) sessions and then trans, 
ferred t o  3 h toQI t i c  (AUrr) sesslonr. 
subject performed the tr8cklng manually DUN TASK 1 
while i n  the autopi lot  (AU) condition, 
h i s  role i n  the control loop was rc- 
placed by simulated autopi lot  control 
dynamics consis t ing of pure gain, e f -  
fect ive time delay, and a saiall added 
remnant, Each trial, MA or AU, h a t e d  
150 reconds, Figure 1: Experimental design and 
5ESSlON I SESSION II 
sion daaprising 1 t ra in ing  day and (DAVS 1-3) (DAYS 4-61 
Bwo experiment81 days, Subject8 i n  GROUP I 
DUAL TASK I 
In the  manual (MA) condition the GROUP 2 
GROUP 3 
oulrL T A S K ,  
group compari sons 
Training Day: The t ra in ing  day 
was designed to  give the subject ~p.xlmum experience and practice with the 
syrtear, 
toring) with both prefa i lu te  and por t fa i lure  dynaaicr , Following th is ,  
they observed and then detected the s t ep  changes i n  dynamics. 
the c r i t i c a l  s ide  task war also included, 
Subjects therefore raeeived extensive pract ice  tracking (or moni- 
Practice with 
The presentation of the f a i lu re  was generated by an algorithm t h a t  88- 
sured random in te rva l r  between presentations and allowed the rubject  s u f f i -  
c i en t  time to  e r t ab l i sh  baseline tracking perfornrance before the onret of 
the next change. Task logic  also ensured tha t  changer would only be inrro- 
duced when system error w.6 below a c r f t e r ion  value, 
precaution, changes would rom!timer introduce obviour "jumps" i n  curror 
pori t ion , 
In the abrence of t h i s  
During the detection trials, the detect ion decis ion war recorded by 
preir ing the t r igger  on the control  r t i ck ,  Thio responre prerented a V on 
the screen and returned the rystem t o  normal operating condltionr of the  pre- 
f a i lu re  dynrmicr, I f  the subject f a i l ed  t o  de t ec t  the change, the  syrtem re- 
turned t o  n o m 1  a f t e r  81% recondr via a 4 recond ramp, On the  basir of pre- 
test data, it was arrumed tha t  s i x  recondr was the in te rva l  within which 
overt  rerponres would correspond to  detected f a i lu re s  and not f a l s e  alarm, 
The subjects were told to  de tec t  ao many changer as porr ible  ar quickly as 
porsible, 
Expdtimental Days: The t ra in ing  day was followed by two conrecutive 
experimental dayr, After  four refreoher t r i a l 8  i n  the AU or MA moder (de- 
pending upon the condition) with the r ide  task, and a number of demonstrated 
fa l lurer ,  the subjects performed 19 experimental t r i * l r :  5 single  tark,  
tracking (or monitoring) only; 3 tracking with the eary cri t ical  Lark 
(1- 0.5); and 5 tracking with the d i f f i c u l t  c r i t i c a l  t a rk  (1- loo), The 
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order of presentation was randomized. Each tr ial  contained an average of 5 
f a i lu re s  per tr ial  with a range of 4 t o  6 .  
The subject: was instructed to  "do the s ide task  as e f f i c i e n t l y  and accur- 
a t e ly  a s  possible," and told to maintain tha t  t ask  a t  a standard leve l  of per- 
formance. After  each. t r ial  the subject  received feedback about both h i s  s ide 
task and detect ion perforaance. The instruct ions,  feedback and payoff sche- 
dule, therefore, c lear ly  defined the r i d e  task as the  loading task while al- 
loving the tracking and detect ion tasks  to  f luc tua te  i n  response to  covert 
changes i n  avai lable  a t ten t iona l  resources (Reference 9 )  . 
ANALYSIS 
Detection performance was assessed in term of the accuracy and latency 
of reaponsee. 
analysis based upon the method of f ree  response was employed (Reference 10). 
This technique accounts f o r  the presence of h i t a  and f a l se  ala- i n  the 
data; and the semi random occurance of fa i lures  within a tr ial .  
under the ROC curve (A[ROC]) wa8 employed as the f i n a l  accuracy mea8ure (Ref- 
erence 11). 
Wickenr and Kessel (Reference 7, 12). 
In  cotnputing the accuracy measure, s igna l  detect ion theory 
The area 
Further details of t h i s  analysis  procedure may be found i n  
The A(R0C) measure and the latency measure were then plotted i n  the form 
of a j o i n t  speed-accuracy measure depicted i n  Figure 2.  good" performance 
is represented by points lying on the upper l e f t ,  i n  the region of f a r t  ac- 
curate response. Performance was quantified by projecting the point locus 
obtained onto the posi t ive diagonal performance axis.  The performance sca le  
is computed ar (10 times A[ROC] - IATENCY) and w i l l  be cal led the "derived 
performance r core." This procedure pro- 
duces a performance index tha t  ranges 
from 0 fo r  chance level  of accuracy with 
a latency of St' t o  10.0 f o r  perfect de- 
tec t ion  with 0 recond react ion tfme. 
The uni t s  assigned t o  t h i s  perfomance 
index are somewhat a rb i t ra ry  but are 
based on the observation tha t  the  over- 
a l l  va r i ab i l i t y  (standard deviation) of 
the raw latency rcorer were found t o  be 
roughly 10 timer the var i ab i l i t y  of the 
A(ROC) measure. 
RESULTS 
Averages and standard deviation8 
were computed fo r  the accuracy (A[ROC]), 
the latency and the derived perfomance 
measures following the ra t iona l  and the Figure 2: Spead-accuracy repre- 
procedure8 outlined in  the preceding 
section. perfonnance 
sentat ion of detect ion 
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The group averages for  a l l  three masures  a r e  presented graphically i n  
Figures 3 and 4. Figure 3 represents the r e su l t s  f o r  the s ingle  task con- 
d i t i on  while Figure 4 represents the  dual task, workload condition collapsed 
over both levels  of duaf task d i f f i c u l t y  (the ra t iona le  f o r  t h i s  procedure 
is discussed below). The symbols i n  Figures 3 and 4 represent the group re- 
sults i n  the Speed-8CGUraCy space, while the arrows and lebels  depic t  the 
derived perfonnanoe scores f o r  the various groups along the performance axis. 
In  f igures  5 ,  6 ,  and 7 the experimental groups a re  plotted with the average 
derived performance score on the Y-axis. 
The presentation of the r e su l t s  of the  detect ion of f a i lu re s  w i l l  be 
divided in to  three sections, The f i r s t  presents the r e su l t s  fo r  each mode of . 
participation, and represents a rep l ica t ion  of the Wickens and Kessel (Refer- 
ence 7) study with the between subjects  design, the second examines the re- 
s u l t s  of the loading task, while the t h i r d  reports  the r e s u l t s  of the  t rans-  
f e r  of t ra in ing  experiment. Group differences were analyaed by means of a 
3-way Analysis of Variance-ANOVA (group8 x dual task  x experimental days), 
I .o 
16, SI% 2nd Sos. 
A 4 MANUAL 
AUTOMATIC 
0 Q AUTOMATIC 
A 
.eo 
2.5 3.0 3.5 
V a l  . * * * I  * . . .  I 
LAIENCY ( m . 1  
Figure 3: Effect  of par t ic ipatory mode 8nd experiarantal condition 
on detection petforaunce-Single Task 
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j a )  Mode of Participation 
The most pronounced ef fec t  in the experimental data ir the consistent 
superiority of HA over AU detection. This r t a t i s t l ca l ly  re l iable  e f fec t  ir  
clearly evident i n  the derived performance score shown in Figures 5 8nd 6 
and was tested by contrarting group AUI with l4k (P 18.4 p < .001), 
Exmination of Pisurek 3 and 4 reveal6 that t h e h  h h o r i t y  $8 reflected 
I 
1 , l O  i n  detection lateicy (Fl,lo - 13,66, p < ,Ol)? CLI weli a8 accbracy (P 15*55, p mol). - 
While there findingr er ren t ia l ly  replicate the Wfckenr and Kessel (Ref- 
erence 7) study, i t  is important t o  aote that  the extent of HA ruperiority 
observed i n  the present tcrultr is greatly enhanced. 
of the MA-AU difference in the dcrired perfomncc score i r  rmshly five 
tfrcr i t 8  value obtained in  the previous within-8ubjtct design, Contrasting 
the two rtudier, one finds that AU perfolarnce is unchanged, but MA perform- 
ance in the present resultr i r  re l iably superior to its level in the previour 
study (t9 * 2.189 p < .OS). 
In fact  the magnitude 
Thrre findiugs add rtrength t o  the 8rguwnt 
Figure 4r Bffeat of participatory mode and e x p e r h a t 8 1  condition 
on detection perfornunae-Dual Tark 
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SINQLE TASK I 
I R .  
SESSION t SESSION 2 
DUAL TASK 
( COLLAPSED 1 
1 n 
SESSION I SESSION 2 
Figure 5 Figure 6 
Detection perfomnce a1 a function of experimental condition 
Figure 7: Bffcct of dual trrk on 
de tec tion perf ormaace 
lrigure 8: Effactr of dual tark 
on manual trrokiag 
.ad critic81 trrk 
perforunce 
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t ha t  in te rna l  models developed separately tend t o  be Bore consirtent, less 
variable and more sensit ive to system changes. 
(see Figurer 
3 and 5) i t  is possible t o  determine whether HA s u p k o t i t y  ig'maintained af -  
ter pr ior  training i n  the other mode of participation. F r m  Figures 3 and 
5 we can see t h a t  while t h i s  difference has been reduced soprewhat, the over- 
a l l  MA rupe t ior i ty  reauiur intact. This MA 4 U X I  group difference is a l r o  
8trt ist ic811y re l iab le  (Pl,zo = 6.76, p < .63>, 
(b) C r i t i c a l  Task 
By comparing the single task  perf-nce i n  MA with AU 
The impact of the c r i t i c a l  tracking ta rk  may be evaluated both 80 it af- 
fected detection perfonnmce (Figure 7) and, in the MA d e ,  88 it r f f e c t r  
performance of the primary tracking ta rk  (Figure 8). Prom Pigure 7, it i a  
evident tha t  the introduction of the CT produced a decrement i n  detection. 
As right be expected, the decnaent  i n  the MA d e  war rocswhat more pro- 
nounced. While there was no decreaent f o r  the AU groupr there i r  a sub- 
r t a n t i a l  decremcut fo r  the AU 8roupr, equivalent t o  the  decrement of both 
the MA 8toupr. For both the f4" and the MAzz-AU a ~ l y r e r ,  t r r k  load- 
ing 8howcd a r t a t i r t i c a l l y  reli ble'effect (F 
5.45, p < .025 rerpectively). 
bp8ct of thio e f fec t  is localized in the introduction of t h e  c r i t i c a l  tark, 
and 3ot with the increase i n  i t r  d i f f i c u l t y  level, a point born art by fur- 
ther r ta th t ica l  analyris, (The near equivalence of the two dual t r i k  con- 
dition, war the j u r t i f i c r t i o n  f o r  collapring detection performnce over the 
two conditions in fur ther  analyris.) 
I * 1!60, p C .OS; F 
It rhould be n&#8 however t h a t  the p$& 
Figure 8 revealr t ha t  the c r i t i c a l  tark had a clear influence on MA 
tracking perfomnce, both with its introduction, and with the increrring d i f -  
f iculty.  Analyrir p t r f o n r d  on the HA and WA data alone1 indicated tha t  
the e f feo t  war r ta t i8 t fca l1y  relirble fF2,zo *%.97, p < ,001). 
Finally, Figure 8 revealr alight,  but consistent, dccrerrer i n  critical 
trackin8 perfomonce tha t  occur am a r e su l t  o f  increasing 1. Thtae lncrerser 
were found t o  be r t r t i r t i c a l l y  r e l i ab le  for &ll the groupr. 
j ec t r  were a l l  treating the c r i t i c a l  tark 80 a loadins t a rk  it cam k con- 
eluded t h r t  the increrre in  k f a c t  did serve t o  d ive r t  a t tan t iona l  reaourcer 
from the primary trackina/detectfon procerr. 
Since the rub- 
(4) Txrnrfer of Trrining 
Manual Node. In deterolining the r e l a t ive  amount of t r a n r f e t  t o  the man- 
ual mode result ing from prior a u t a u t i c  training, the MA 
with it6 control group MA 
ience i n  the fa i lure  d e t r h n  tark. 
group is cmpared 
(?igure 1) which e r r e n t i a l l y  fi&d no pr ior  exper- 
k a t u r a l l y  All %r@cking81 perfoxmnca remains unaf feclad by critical 
tark d i f f i c u l t y  level. 
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Froa Figurer 3 through 7 it can be reen that i n  general there is  an 
overali MA I supetiorlty over WA fog both ringle and dual tark conditionr. 
However th4 ANOVA failed t o  reveil  there differences t o  be r t a t ~ s t l c a l l y  re- 
liable. Exmirution of the data on a day by day basis reveals that  the over- 
a l l  HA -M difference is due to  large difference8 that  ex i r t  on day 1 which 
appear'to &ripate cooppletely when the two groups are compared on day 2 per- 
formance. This finding can be reen a8 support for  the basic hypatherir that  
exporure t o  prior AU tracking a d  the development of an internal model based 
on virual cue8 only, produces only a rmll and transient fac i l i t a t ion  of 
subsequent development of the internal model bared on MA trackiug. 
Automatic Mode. The degree of transfer result ing from prior MA train- 
ing t o  the AU mode i r  reflected io the performance of rubjects iu  coadition 
AU and the caolpariron of t h i r  perfoiunce with t h 8 t  of the control group 
(A&" -AU ). Xn Figurer 5 and 6, it  ir  evident that  the l a t t e r  group 
fai@)to s&;dl)It a t  811 frcm prior AU training, an obrervatioa supported by 
the lack of s t a t i r t i c a l  re l iab i l i ty  of the main effect  when AU 
are compared, In  mtked contrart, Figurer 5 and 6 sugsert thal(@e AU 
group i n  fact  rhawed considerable benefit ftm the i r  prior MA trainfngfdhen 
the i r  performance $8 contrasted with that of the AU group, 
the magnitude of t h i r  effect  $8 reen t o  be conridegably larger than the ef-  
fect  for the control group or for the MAz-MAII contrart dircurred in the pre- 
ced lng rec tion . 
and AUuII(c) 
I n  Figure 9, 
The s t a t i o t i c r l  re l iab i l i ty  of t b i r  improvement on the ringle trak data 
war 888e88ed by a groupr (AUI V I .  AUIX)X days (Day 1 VI. Day 2)  2 X 2 ANOVA, 
Both main effect8 were r t a t i r t i ca l ly  reliable. This indicate8 that (a) 
both groups improved with practice (over two days) i n  their  rerpectiw AU 
condition8 (P - 14.77, p < ,001). (b) More crucially, frola the viewpoint 
of the hypothhf? under invertigation, the AU group performed reliably 
bet ter  thatr did the AU group (P 
r ib le  t o  argue that  t h f r  effect  k i 8 l t e d  from greater expo8ure t o  and fami- 
l iari ty with the overall experimental cnvitoment experienced by the AU 
group and not t o  tranrfcr of the internal model. However th i r  i n t e r p r d h o a  
appear8 unlikely becaure the control group failed to  show m y  ruch t'general- 
ired" tranrfcr, 
- 5.19, $I< .OS), It $0 o f  coutre po8- 
We ean conclude that there i r  a t raarfer  froa MA t o  AU. 
differencer are very 18t@ and r t a t i r t i c a l l y  reliable and a8 8% :!!& 
the baric hypotherts that while there are different re t8  of cue. operatiag, 
the MA condition produear au intenrr l  model of the ryrtem that can be u t i l -  
i ted t o  8dV8nt88e! i n  8UbreqUeUt aut-tic lacnritoring, 
S W Y  AM) CONCLUSIOHS 
The m j o r  re ru l t s  can be rumariaad 88 follows: 
1) Detection of step increarer i n  ryrtea order when the operator nluinr 
i n  the control loop (MA mode) i r  aonaiderably faster  and more accurate than 
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when he is removed (AU mode). Thio finding is consis tent  wi th  both the find- 
ings of Young (Reference 2) and of Wickens and Ke8Sel (Reference 7). 
2)  The nvnual mode ruperior i ty  war found t o  be more pronounced i n  th io  
between rubject design than the previour within rubject  study (Reference 7). 
This difference can be a t t r ibu ted  to  the  f a c t  t ha t  the rubjectr  were allowcd 
to  develop separate in te rna l  d e 1 0  f o r  e i t h e r  the manual or the automatic 
mode, thereby producing mode10 tha t  were alwayr appropriate f o r  the mode o f  
part ic ipat ion employed . 
What i r  in te res t in8  in  contrar t ing the two s tudies  is the f ac t  t h a t  AU 
performance i o  v i r tua l ty  identical .  
p u h t i 0 n  inste8d r eem to  have been t o  produce a large improvement in MA 
de tec  t ion , 
The e f f e c t  of the between-rubjectr mni- 
Thio r e r u l t  ruggcrtr t ha t  in the  previous experiment the AU i n t e rna l  
model war developed unhindered by the  eoncurrent development of the MA iu te r -  
nal model while the reverse r i t w t i o n  d i d  not hold. 
the development of the HA in te rna l  model i n  the previour experiment was sane- 
hou subject t o  interference from the  AU model developcarnt, ruggerting tha t  
rubjectr  were paying a t ten t ion  t o  non-relevant, v i sua l  cuer. It har been ar- 
gued (Reference 7) tha t  the r e n r i t i v i t y  to  proprioceptive infomat ion  i o  - reduced r e l a t ive  t o  v i rua l  information par t icu lar ly  when the two rource8 are 
avai lable  a t  the rupc time and are conveying conf l ic t ing  infomotion (Refer- 
e n c e ~  13, 14, 15). In  the AU mode the rubjccts  have only v i r u a l  cue. 80 in- 
fortnation while in the CU mode both v i rua l  and proprioceptive information 
i o  available.  Thur i n  the  previour rtudy, during the development of the  MA 
in te rna l  laodelo there were timer wheu these cut8 might be i n  conf l i c t  and 
rubjectr tended to fa11 back on the v i rua l  cue. learned i n  the AU node. Thir 
produced an over-erphaair on the virual cues and a rubrequeat degrading of 
the c ruc ia l  proprioceptive information. The introduction of the betmen rub- 
ject derign forced rubjectr  to develop reparate in t e rna l  rrodelr h o e d  upon 
the relevant c w r  avai lable  within each condition-a r i t u r t i a n  t h a t  har en- 
hanced the HA-AU differeocer  found in the previouo experiment, 
It would appear t h a t  
3) The overal l  MA ruperior i ty  i o  evident i n  both r ing le  and dual t a rk  
conditionr. The e f f ec t  of adding the C r i t i c a l  Task war to  reduce the overall 
detection perfonunce via  a reduction f n  the  accuracy of deteat ionr  and an 
increare i n  rerponre la tenc i r r ,  The impact of the aecond t a rk  war more wrked 
for the HA condition than the AU condition, Thio t e r u f t  i o  coa r i r t cn t  with 
the f a c t  t ha t  the  critical tracking tark, placing heavy derarndr upon the oub- 
ject'r rerponre wchanirm, produced an increare i n  interference a t  the r t ruc-  
tu ra l ,  motor level  of p r fo ra rnce  in the nA rode t h a t  waa not  present i n  the 
AU mode of operation. Iacrearing the d i f f i c u l t y  of the ruba r i t i ca l  loading 
tark appeared t o  have l i t t l e  e f f e o t  on detect ion per forunce  i n  either mode, 
although it  did rerva to  d i r rupt  tracking performance. 
4) An anrlyrir of the t ransfer  of t ra in ing  experiment rhawr t h a t  there  
i o  very l i t t l e  t r a n r f r r  from the automatic mode t o  the  u n u a l  rode. T h i o  f a c t  
add8 fur ther  weight t o  tho argment  tha t  tho development of the in t e rna l  mode1 
for the mrnual mode cannot u t i l i z e  t o  advantage the in t e rna l  d e l  developed 
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for the autcartio mda, Tht addition of the proprioceptive chaanalr and the 
interactive deroribiug function in  the arnual mode appears to require the de- 
valopaent of r reparate a d  unique internal model, 
15) There doer appear t o  be poritive t ranrfer  from the manual mode t o  
the automatic, a finding that  rupportr the b r i c  hypothesir outlined above 
that while thete are different rets of cue. operating, the xh mode produces 
an internal d e l  of the rystem that a n  be utilized to &vantage i n  subre- 
quent automatic rrorritoriug, 
6)  Finally, the rucoe8rful transfer from lprnual to  autaPrtia and thr  
lack of traurfer €ram the autoautic t o  the arnual d e r  tend8 to add weight 
t o  the baric hypothesis outlined above. Thir hypothesir r t a t e s  that the in- 
terqal modelr developed in different d e r  of participation are relatively 
independent a d  therrfore care muat be exercired in extrapolating expected 
terul tr  in one mode of participation from perfomance Ln the otbsx, 
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ABSTRACT 
Recent interest in the areas of modeling the effects o f  motion on human 
operators, and manual control of low bandwidth systems has led to the need 
for accurate submodels of the low frequency characteristics of the Human 
Operator (HO), 
has been a problem with almost all HO models, the well known Optimal Control 
Model (OCM) being no exception. 
stand and hopefully eliminate these problems. 
Unfortunately, matching low frequency human response data 
This research is an attempt to better under- 
In this paper, properties of several structural variations in the neuro- 
motor interface portion of the OCM are investigated. For exahple, it is 
known [l-21 that commanding control-rate introduces an open-loop pole at 
S=O and will generate low frequency phase and magnitude characteristics 
similar to experimental data. However this gives rise to unusually high 
sensitivities with respect to motor and sensor noise-ratios, thereby reducing 
the models' predictive capabilities. Relationships for different motor sub- 
models are discussed to show sources of these sensitivities, The models in- 
vestigated include both pseudo motor-noise and actual (system driving) motor- 
noise characterizations, The effects of explicit priprioceptive feedback 
in the OCM is also examined, To show graphically the effects of each sub- 
model on system outputs, sensitivity studies are included, and compared to 
data obtained from 11-21, 
INTRODUCTION 
Recently, motion studies [2,3] have shown the major effects of  motion 
t o  be on low frequency (o e 1 rad/sec) HO magnitude and phase characteristics. 
This means that low frequency modeling error8 present in the baseline im- 
plementation of the OCM must be minimized if the effects of including motion 
variables are t o  be Pelt, It is known [1,21 that akanging the structure of 
the neuro-motor interface portion of the OCM will give the desired low fre- 
quency effects. 
control, the ].ow frequency phase drooping occurs. However, in order to match 
human response data over simple vehicle dynamics, large deviations in the 
motor noise ratios were needd [ 2 ] .  This clearly degrades the predictive 
Specifically if the HO commands control rate rather than 
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power of t h e  model. 
compared from a s e n s i t i v i t y  p o i n t  of view, in an  at tempt  t o  b e t t e r  under- 
s tand  the l i m i t a t i o n s  of each approach, 
In  t h i s  paper sub-models developed i n  [1,23 w i l l  be  
Problem Formu l a  t i o n  
In this  s e c t i o n  s t r u c t u r a l  changes w i l l  be  made t o  t h e  b a s e l i n e  OCM 
( f o r  a more d e t a i l e d  d e s c r i p t i o n  see Levison 121). 
developed f i r s t ,  wi th  s p e c i f i c  models introduced as s p e c i a l  cases to  it. 
I n  t h e  development which fol lows,  the time de lay  w i l l  be  ignored s i n c e  i t  
has l i t t l e  bear ing on our  discussion.  
A genera l  form w i l l  be  
The system being cont ro l led  is descr ibed by t h e  state-.space equat ion 
& = Ax + Bu + Ew (1) 
where: 
x = "true" system state 
u = "true" c o n t r o l  input  
y = cx + Du 
a quadra t ic  cost f u n c t i o n a l  
and where displayed system v a r i a b l e s  are given by 
(2) 
The system is assumed t o  be cont ro l led  t o  minimize ( i n  s teady-s ta te )  
(3) 
. 2  
J - EEy' Qy y + g u 1 
based on t h e  (delayed and) noisy information perceived by t h e  HO, This in- 
formation is assumed t o  consist of both displayed and propr iocept ive  var i -  
a b l e s ,  i .e , ,  
= C x - t D u 3 . v  ( 4 4  yP Y 
u = u + v  
P U 
where: 
The c o n t r o l  law that minimizes J is given by 
h - -[Lx Lul [ :] 8 t C 
where : 
(4b)  
f = human's b e s t  i n t e r n a l  estimate of x 
Q .I ' 1  b i  ( 1  18  U 
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To model any actual noise at the motor end, a driving motor noise is 
added to ( 6 ) .  Notice control rate is generated rather than control. Thus, 
" V i  sua1 
Channel It 
vP 
I 
I 
Irr 
, x  e 
I 
rt-- KALMAN FILTER- 
PREDICTOR -L* 
A 
1 /s - ,u 
* 
Y 
V vir 
"Propri ocep ti v e  Channel I' 
i 
;=li + V G  
C 
2 where : COVIV;~ V; + pt; EfCc I 
(7 )  
However the human's internal representation of the neuromotor interface, 
Eq. (7), is: 
i i c ;  + v  (9) 
C P  
2 where: COVCV V + p E{Gc ) 
P P P  
and typically codv 1 f: cov (v.1 . P U 
The pseudo motor noise vp does not act as a driving noise to the system, 
but instead degrades performance by making estimation sub-optimal (21 .  
Implementing these changes gives rise to the structure shown in Fig. 1. 
F I G . l  REVISED OPTIMAL CONTROL MODEL, 
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The particular submodels considered in this study are as follows: 
1) 
Driving Noise Models: 
covlv 1 = coviv.) , i.e., optimal estimation occurs, driving motor 
noisepequal to V. 
proprioceptive information available 
Same as model (l), except no proprioceptive information available 
U 
U 
2) 
Pseudo noise models : 
3)  vb = 0, i.e., sub-optimal estimation occurs, only pseudo noise 
present 
proprioceptive information available 
4 )  Same as model (3)  except no proprioceptive information available 
SNR-u MNR 
-m -40 -- -40 
SENSITIVITY RESULTS 
TD TN 
-17 .08 
.17 .08 
Data from [1,2] was matched using each of the aforementioned models. 
Only K/S and K/S**2 dynamics were considered. 
the sensitivity studies included in [l] so a comparison can be made to the 
baseline model. 
The reader is referred to 
K/S Dynamics 
The following nominal parameters were found to give reasonable matches 
to the data, and wilL be used as a basis for the K/S sensitivity work. 
Notice that proprioceptive feedback is not needed for X/S dynamics; this 
agrees with findings in [1,2]. Therefore, for K/S dynamics we need only 
consider two models, driving noise and pseudo noise. 
a 
SNF. - u = 
SNR = p 
YA 
pU 
-1 
MNK = Or pP 
TD = T, TN = L 
U 
It was found that the trends discussed in [l] for SNR, TD and TN were 
The only exception to this was for the same for a l l  the models considered. 
the driving noise models, where the low frequency remnant curves were slight- 
ly nigher. 
Effects of MNR 
From Fig. 2 it is char that motor noise mainly affects the low fre- 
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EFFECTS OF MNR OFi K/S DYNAMICS. 
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quency portion of the magnitude, phase and remnant curves. 
ically two reasons for this, 
is due to the integrator at the motor end (where in the baseline OCM, 
1/(T S+1) was present). Secondly, the sensitivity is due to the degradation 
of estimation performance as the motor noise is increased. Because the level 
of the driving noise is so low, the linear part of the NO model (Bode plot) 
is the same whether pseudo noises or driving noises are used. Notice that 
the driving noise has a dominant affect only on the low frequency remnant. 
There are bas- 
First,the shape of the low frequency portion 
N 
All scores increase with increasing motor noise. Scores using the 
pseudo model are fairly insensitive to motor noise, since it is the degraded 
estimation which causes them to change. 
much more sensitive to motor noise, since increasing the motor noise in- 
creases the remnant in the system. 
Scores using the driving model are 
K/S**2 Dynamics 
The following is the nominal parameter set found for K/S**2 dynamics. 
Here, as in K/S dynamics, trends discussed in [l] for SNR, TD, and TN 
also hold for our revised models. 
6 SNR on control. 
Below we discuss only the effects of MNR 
Effects of MNR 
No Proprioceptive Information (models 2 6 4) 
Looking at Figure 3 i t  is clear that the motor noise affects the low 
frequency Bode plots in a manner similar to that found for K/S dynamica. 
Again, more remnant power is ahifted to the low frequencies for model 2 than 
for model 4.  
Notice that model 4 matches the low frequency remnant very poorly (this 
could be improved slightly by increasing the noise on displayed error) and 
may be interpreted as a major shortcoming of this model since we desire a 
nominal set of parameters, 
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FIG.3 EFFECTS OF MNR ON K/S**2 DYNAMICS (MODELS 2 & 4).  
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With Propioceptive Tnformation (Models 2 & 4) 
The e f f e c t s  of including proprioceptive feedback can be seen by compar- 
ing Figs. 3 & 4. 
is spread out  over a wider band of frequencies. 
c i r cu la t ion  of remnant in the  feedback loop. 
f o r  model 1 were always higher and more s e n s i t i v e  thatl those f o r  model 3, 
and seemed t o  match the da ta  b e t t e r .  
Again remnant is higher fo r  dr iv ing  motor noises ,  but ig 
This may be due t o  t h e  
Although not shown, the  scores  
Notice tha t  the s e n s i t i v i t y  of the  model t o  changes i n  the  motor noise  
has been reduced dramatically by including proprioceptive feedback. Because 
the  model now has observations of cont ro l  and con t ro l  rate t o  use  i n  forming 
an estimate of controf ,  estimation s t a b i l i z e s  and improves. 
Ef fec ts  of SNR (Models 1 b 3) 
Figure 5 shows the  low frequency remnant fo r  model 3 much c lose r  t o  
tha t  of model 1, Notice i f  t he  sensor noise is  too l a rge  (r-lSdB), the  
model ignores  t h i s  observation and models 1 & 3 e f f e c t i v e l y  become models 
2 & 4, 
i t  is clear tha t  the model should be, and is, sensitive t o  the  qua l i t y  of 
t h i s  informatisn,  
ment of the  est imator  poles, 
Since knowledge of the  con t ro l  s igna l  is important i n  t h i s  task ,  
The low frequency e f f e c t s  result pr imari ly  from the  move- 
Sens i t i v i ty  of Scores 
Relative RMS e r r o r  i e  p lo t ted  i n  Fig. 6 as a funct ion of MNR. Because 
RMS e r r o r  is the most sens i t i ve  score,  Fig. 6 shows that  including proprio- 
cept ive feedback reduces the  s e n s i t i v i t y  of a l l  t he  scores ,  
Review 
Proni the sensitivities s tud ie s  i t  was seen t h a t  i n  general:  
A l l  predicted scores  were lower than measured ones for pseudo noise  
All sys tem measures were more sens i t i ve  t o  dr iv ing  motor noise  than 
t o  pseudo noise 
This s e n s i t i v i t y  can be reduced by including an observation o f  con- 
t r o l  
The level of sensor noise  on cont ro l  induces the  low frequency 
e f f e c t e  
* The in t eg ra to r  a t  the  mator end confines the  remnant power t o  t h e  
low f requancies 
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It i c r  d i f f i c u l t  t o  match K/S**2 d a t a ,  with 8 nominal set of para- 
meters, using models 2 & 4 
FINAL COMMENTS 
S e n s i t i v i t y  s t u d i e s  have shown t h a t  i nc lud ing  obse rva t ions  on c o n t r o l  
can reduce model s e n s i t i v i t y  t o  d r i v i n g  motor n o i s e s ,  
t h a t  a senso r  noise added t o  c o n t r o l  does not  g r e a t l y  a f f e c t  t h e  uncorre- 
l a t e d  p a r t  of t h e  model. 
& K/S**2 dynamics, provided t h a t  obse rva t ions  on c o n t r o l  are included f o r  
K/S**2 bu t  no t  for  K/S. 
l y  among a l l  observed v a r i a b l e s ,  t h i s  may provide B scheme for determining 
the  senso r  noises .  
step (perhaps as part of t h e  l e a r n i n g  process)  i n  t h e  HO modal, where i t  
must e v a l u a t e  t h e  b e n e f i t s  of a l l  t h e  cues i t  has a v a i l a b l e  to  it  and then 
dec ide  on a subse t  which w i l l  be u a e f u l  f o r  c o n t r o l  purposes, 
Also i t  was shown 
Nominal parameters were found t h a t  could match K/S 
I f  t h e  model i s  allowed t o  a l l o c a t e  a t t e n t i o n  free- 
One hypothesis  is  t h a t  t h i s  e s s e n t i a l l y  €orms a d e c i s i a n  
More work needs t o  be done i n  o r d e r  t o  f i n d  a good r u l e  for p i ck ing  the, 
s enso r  n o i s e s ,  
is a l s o  important to see i f  our f i n d i n g s  are true i n  gene ra l  or j u s t  a . 
s p e c i a l  case. 
Tes t ing  models 1 and 3 over  a wider sat  of system dynamics 
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CLOSED LOOP MODELS FOR ANALYZING 
THE EFFECTS OF SIMULATOR CHARACTERISTICS* 
Sheldon Baron Ramal Muralidharan David Kleiman 
Bol t  Beranek and Wewnn Inc,, Cambridge, MA 
ABSTRACT 
The optimal control aad6l (OCM) of t h e  human operator is used to  deveLop 
closed-loop models for analysing t h t  offeats of (digi ta l )  simulator 
oharacteristicb on predicted prformance and/or workload. Two appruaohos are 
oonsidered: the first uti l izes a continuous approxinotion to t h e  discrete 
simulation i n  oonjwotion with tho standard optimal control model; t h e  wcond 
involves a more exact discrete descriptioz~ of the simulator in a olosed-loop 
aulti-rate airnulation i n  which the  optimal oontrol model w ~ i ~ ~ l a t e s n  h e  p i l o t ,  
Both modeis predict t ha t  airnulator charwteriatlos aan have significant effeots 
on performanoa and workload. 
The devslopPlent o f  engineering requirements for man-in-the-loop digftel 
simulation Irr 8 omplex task involving nmeroua trade-of f a  between sierulot Son 
f i d e l i t y  and aoats, aoouraoy and $peed$ eta. The princlprrl isrrues confronting 
the developer o f  a simulation involve the design o f  the oua (motion and visual) 
environment ~1 a8 to  meat sil~ulation objeativas and the design o f  t h e  d ig i ta l  
sitnulation model t o  f u l f i l l  the real- the raquireaents w i t h  adequate abcurmy, 
The design of the simulation model has becolaa inareasIn4ly important and 
d i f f i c u l t  as digital  sooputsrs play a more central role i n  tho abmlations, Per 
real-time digital  simulation with II pilot in t h e  loop the dmign  probkesr 
involves spucilloation of conversion squiplegnt (A-P and R-A) aa well a& of the 
dimrstcr model or the  system dynamics. The design o f  an adequate discrate 
airnulation is also related alosely to the Que generation problem tnasrnuch a8 t h e  
erForu and, i n  particular, the delays introduced by the  airnulation w i l l  bet 
present i n  the infometion aud8 utilized by the pilot. The slgnifiornce o f  t h i 8  
problem he0 been -ply d e ~ n o n s t r s t e d . ~ , ~  O f  o ~ u r i a ,  human pilots arn Qolpptnarts 
fo r  @ode1 shortocrrings a8 w a l  a8 for those o f  QUO: generation, with poasible 
sdtsats on the subjeotive evaluation of the simulation, 
The obJective o f  the work reportrd hare was to  develop a olosed loop 
rnalytie rode&, incorporating o modal for the hwan pilot (maely, the  optima 
control  mode^), that would allow certain simulrrtion dealern tradeoflo t o  bo 
evaluated quantitatively and to  apply t h i s  model to analym a raali8tLo flight 
control problem. The effort  concentrated on t h e  dynamic, closed loop aspwt8 or 
- 
'The work da8oribed herein was petrfomed under Contract WO. WSd41-14JJ49 for NAB& - Langley Research Center. Hr, Russell Parrish wae the  Teohnicrrl Monitor and 
oontrlbuted many helpful  suasations * t 
113 
$he simulation. Problems associated with perceptual issues i n  cue generation 
were not considered, However, t h e  limitations imposed by t h e  dynam4cs of visual 
. cue generation equipment are considerdd and the model can be readily extended to 
incorporate the dynamics associated w i t h  motion simulatfon. . 
The optimtl control model of the human operator3f4 is central totthe closed 
loop analysis technigues that have been employed. T h i s  model has been validated 
and applied extensively and has a structure that is well-suited to analysis of 
the simulation problems of interesf, The model can be used to  genera.te 
predictions of attentional workload as well as of closed-loop performance. Th i s  
signifioant because, a8 noted ear l ier ,  pilots may compensate for simulation, 
ortcomings but  w i t h  a workload penalty; such simulation-induced operator 
adeoffs need to  be explored. 
The first employs 
' a continuous approximation to the open-loop dynamics of the digi ta l  simulation 
i n  conjunction with the standard OCM, The second mcdel attempts to represent 
the discrete simulation dynamics more exactly. It ut i l izes  a simulation version 
of the OCM. T h i s  l a t t e r  model is referred to as the hybrid model. 
Two approaches to closed-loop modelling are Considered. 
_I 
OPTIMAL CONTROL 
MODEL 
O f  PILOT 
I n  the remainder of t h i s  paper, the closed loop models are described and 
some results of applying the models are presented and discussed, More extensive 
discussion and additional results may be found i n  Reference 5. 
- 
2. CONTIlloOIlS OSBD LOOP MDBL 
ANALIJG 
OIGITAL 
DIGITAL DISPLAY 
COMPUTER ANALOG DYNAMICS 
CONVERTER CONVERTER (CPU 1 
Figure 1, Simplified Model for Closed Loop Analysis of Digital Simulation 
Figure 1 is a block diagram of a simplified closed-loop model for analyzing 
problems i n  digi ta l ,  piloted simulation. The piiot model i n  Figure 1 is the 
oCM, 3,4 The elements correspondine to  the simulator are an analog-to-digital 
converter (ADC) , a digital  oomputer (CPU) a digital-to-analog converter (DAC) 
and a visual display system, Briefly, the ADC i s  a ampler preceded by a 
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'low-paSs filter inoluded to  minimize a l i a s i n g  effects, the  OPU implements 
d i f f e r e n q e  equatioris so as t o  s imula te  t he  v e h i c l e ' s  response t o  the  p i l o t ' s  
(sampled) input  the DAC is a data-hold (either zero-order or first-order) and 
t h e  v i s u a l  d i s p l a y  system is a servo-driven projector that cont inuously displays 
target p o s i t i o n  ( re la t ' ive  t o  the  aircraft) t o  the  p i lo t .  These elements w i l l  be 
discussed i n  more detail  below. 
%. 
2.1 ;opt- cantrol m e 1  for Pilot 
me of t h e  f e a t u r e s  of the OGM t h a t  are p a r t i c u l a r l y  r e l e v a n t  t o  
t d i s 6 u s s i d n s . a r e  reviewed b r i e f ly  here. Figure 2 i l l u s t r a t e s  t h e  
r 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
DISTURBANCES #( t 1 
I 
Figure 2. S t r u c t u r e  of Optimal Control Model 
s t r u o t u r e  of the OCM. 
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The OCM as' o r i g i n a l l y  conceived and developed presupposes that t h e  system 
amics, corresponding to  the  element to  be c o n t r o l l e d ,  may be expressed i n  
t e  v a r i a b l e  format 
y ( t )  = CcX(t )  + D,U(t) 
where x is t h e  n-dimensional s t a t e - v e c t o r ,  y is an  rn-dimensiopal v e c t o r  of 
displayed o u t p u t s ,  u is the  r-dimensional c o n t r o l  input  v e c t o r  and u is a vec tor  
i s turbance  and/or command inputs .  The system matrices (Ac, Be, C,, Dc, Eo> 
genera l ly  assumed to  be t ime-invariant , although t h i s  r e s t r i c t i o n  can be 
axed, The above system dynamics inc lude  t h e  l i n e a r i z e d  dynamics of t h e  
rcraft ( o r  o t h e r  cont ro l led  element) and any dynamics associated with 
meabwement, c o n t r o l  and dksplay systems. The s u b s c r i p t  c on the system 
matrices is included to  emphasize t h a t  t h e  dynamics are assumed t o  r e p r e s e n t  a 
continuous system 
For purposes of d iscuss ion  it is convenient to  consider  t h e  model for t h e  
d i lo t  as being comprised of the  following: (i) an "equivalentt1 perceptual model 
t h a t  t r a n s l a t e s  displayed v a r i a b l e s  i n t o  noisy,  delayed perceived v a r i a b l e s  
denoted by yp (t) ;  (ii) an information processing model t h a t  a t tempts  t o  
estimate the  system state from the  perceived data. The information processor  
c o n s i s t s  of an opt imal  (Kalman) es t imator  and predictor and it g e n e r a t e s  tge 
minimum-variance estimate Qt) of x ( t ) ;  (iii) a set of "optimal gains" ,  L , 
chosen to minimize a quadra t ic  cost func t iona l  t h a t  expresses  task requirements;  
and ( i v )  an equiva len t  "motor" or output  model t h a t  accounts  for "bandwidth" 
l i m i t a t i o n s  ( f r e q u e n t l y  associated with neuromotor dynamics) of the human and an  
i n a b i l i t y  t o  g e n e r a t e  noise-free c o n t r o l  inputs .  
The time delay  or t r a n s p o r t  lag is intended to  model de lays  associated w i t h  
the human. A l l  d isplayed v a r i a b l e s  are assumed t o  be delayed by the same 
amount, v i z .  'C seconds, However, de lays  introduced by the  s imula t ion  can be 
added t o  t h e  human's de lay  without any problem, so long as a l l  o u t p u t s  are 
delayed by t h e  same amount. If such is not  the case, then a l l  o u t p u t s  can be 
delayed by 't , where 2 is now the  sum of the minimal delay introduced by 
the  s imulat ion and the o p e r a t o r ' s  de lay ,  and a d d i t i o n a l  de lays  for the  o u t p u t s  
requi r ing  them can be modeled v i a  inc lus ion  o f  Pade approximations i n  t h e  output  
path. 
The observat ion and motor n o i s e s  model human c o n t r o l l e r  remnant and 
involve i n j e c t i o n  of wide-band noise  i n t o  t h e  system. This  noise is "filtered" 
by the other processes i n  t he  p i l o t  model and by the  system dynamics, It should 
be emphasized t h a t  t h e  injected remnant is a l e g i t i m a t e  ( i f  unwanted) p a r t  of 
t h e  p i l o t ' s  input  to  t h e  system and, t h e r e f o r e ,  s i g n i f i c a n t  amounts of remnant 
power should not  be f i l tered o u t  i n  t h e  de-al ias ing process  of a v a l i d  
s imulat ion.  
The neuro-motor lag matrix limits the bandwidth of t h e  model response.  
Typical ly ,  f o r  wide-band oont ro l  taaka ,  involving a s i n g l e  control v a r i a b l e ,  a 
bandwidth l i m i t a t i o n  of about 10-12 rad/sec gives a good match t o  experimental  
r e s u l t s  ( i . e , ,  a neuro-motor time oonstant  of' TN 5 .08 - . l o ) .  For many 
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aircraft  c o n t r o l  tasks there is no s i g n i f i c a n t  ga in  (i.e.,  reduct ion  i n  error) 
to be obtained by opera t ing  at t h i s  bandwidth, and there can be some penal ty  i n  
unnecessary c o n t r o l  a c t i v i t y .  For such tasks larger time c o n s t a n t s  (lower 
bandwidths) have been observed. In these cases, if t h e  neuro-motor time 
cons tan t  is arb i t ra r i ly  set at the human's l i m i t  (say TN Z .1)  good p r e d i c t i o n s  
of tracking or r e g u l a t i o n  performance are u s u a l l y  obtained; bu t  the  c o n t r o l  
a c t i v i t y  and p i l o t  bandwidth tend t o  be overestimated. Inasmuch as  it may be 
u s e f u l  t o  have more a c c u r a t e  estimates of p i l o t  bandwidth for making d e c i s i o n s  
concerning approximations to  the discrete s imula t ions ,  TN was chosen i n  t h i s  
s tudy on the basis of a model a n a l y s i s  of the t r a d e o f f  between e r r o r  and 
cont ro l - ra te  scores, E s s e n t i a l l y ,  t h i s  involves  using t h e  model t o  sweep o u t  a 
curve of error-score versus  cont ro l - ra te  score to  f i n d  the value of Tn where 
marginal improvements i n  performance r e q u i r e  s u b s t a n t i a l  i n c r e a s e s  i n  rms 
cont ro l - ra te  ( t h e  "knee" of the  curve).  A value of approximately .15 sec (an 
operator bandwidth of about 1 Hz) was determined on the basis of t h i s  ana lys i s .5  
The optimal estimator, predictor and g a i n  matrix represent  t h e  set o f  
"adjustments" or "adaptations" by which t h e  human attempts t o  opt imize 
performance. The g e n e r a l  express ions  for these model elements depend on t h e  
system and t a sk  and are determined by so lv ing  an  appropriate opt imiza t ion  
problem according to  well-defined r u l e s ,  O f  special i n t e r e s t  here is t h a t ,  i n  
the  basic continuous OCM, the estimator and predjctor conta in  " i n t e r n a l  models" 
of t h e  system to  be cont ro l led  and t h e  c o n t r o l  g a i n s  are computed based on 
knowledge of system dynamics. The assumption is t h a t  t he  opera tor  learns these 
dynamics during t ra ining, '  
The quest ion arises as t o  the  appropriate i n t e r n a l  model when t h e  human 
c o n t r o l s  a discrete simulat ion of a nominally continuous system. It would 
appear t h a t  i f  the  opera tor  is t r a i n e d  on the  s imulat ion,  then  the  appropriate 
model corresponds t o  t h e  s imula t ion  model.** Th i s  w i l l  be t h e  assumption 
employed with the continuous model. 
F i n a l l y ,  it should be mentioned t h a t  the  s o l u t i o n  t o  t h e  aforementioned 
opt imizat ion problem y i e l d s  p r e d i c t i o n s  of  the complete closed-loop performance 
statistics o f  t h e  system. P r e d i c t i o n s  of p i l o t  descr ib ing  func t ions  and c o n t r o l  
and error spectra are a l s o  ava i lab le .  A l l  s tat ist ical  computations are 
performed using covariance propagation methods, thus  avoiding costly Monte Carlo 
s imulat ions.  Th i s  is not  tho  case f o r  the hybrid model described la ter ,  
*This is g e n e r a l l y  more convenient than assuming tha t  the  e x t e r n a l  model differs 
from the  t r u e  model and also leads to  good performance predic t ion .6  
**If t h e  s imulat ion model is poor, a c o n t r o l  s t r a t e g y  tha t  is i n a p p r o p r i a t e  for 
t h e  a c t u a l  system could be learned with negat ive r e s u l t s  i n ,  say, t r a n s f e r  of 
t r a i n i n g ,  Th i s  i s s u e  can be addressed with t h e  hybrid model described later, 
1 1 7  
I The appl ica t ion  of  the standard OCM t o  closed-loop ana lys i s  r equ i r e s  a 
continuous state representat ion of the  complete cont ro l led  element. Since the  
~ hman p i l o t  i n  closed loop cont ro l  w i l l  operate  on e s s e n t i a l l y  continuous 
outputs  t o  generate  continuous cont ro l  inputs  even when d ig i ta l  computers are 
used i n  the  aircraft  simulation, it is meaningful t o  consider a concinuous 
t r ans fe r  funct ion approximation to  the  open loop simulation dynamics. Suuh an 
approximation is developed here, It cons i s t s  of a r a t i o n a l  t r a n s f e r  f u w t i o n  
mult ipl ied by a t ranspor ta t ion  lag. The r a t i o n a l  t r a n s f e r  funct ion a p p r o x b a t e s  
the  amplitude d i s t o r t i o n s  introduced by discrete in t eg ra t ion  of the  f l i g h t  
dynamics. The delay accounts f o r  a l l  the  phase lags introduced by the  s imulator  
components, These phase lags are t h e  major source of degraded performance and 
increased workload i n  closed loop tasks. However, the  amplitude d i s t o r t i o n s  can 
be s ign i f i can t  for open-loop responses, 
Water Funotion F’rom Stick Input t o  Displayed Output 
Figure 3 is an elaborated diagram of t h e  simulator port ion of Figure 1. 
CPU 
De-Aliasing 
Filter 
Figure 3. Open Loop Simulator Dynamics 
Note tha t  the  output of  t he  v i sua l  servo, y ( t ) ,  is a oontinuous s igna l  as is the 
input ,  u( t) , t o  t he  A-D deal ias ing  pre-filter.* For ana lys i s  purposes we us0 the 
notat ion implied i n  Figure 3. Variables or funotions with argument s represent  
Laplace transforms and those with argument z correspond t o  z-transforms, The 
s t a r r ed  q u a n t i t i e s  correspond t o  Laplace transforms of impulse sampled s i g n a l s  
o r  of funct ions of z and are def ined,  e.g,, by7 
or 
--..-..- -..-.-.. . - --- -c .. - - .- - 
@For s impl ic i ty ,  we consider single-input single-output systems. The results 
obtained here oan be generalized t o  more complex s i t u a t i o n s ,  
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where T is the  sample period and 
2 'ti 9 = - = sampling frequency T 
From Figure 3, we obta in  
Equation ( 5 )  gives  the  exact t r a n s f e r  r e l a t i o n  between u ( s )  and y(s) ,  
However, it is not  a useful  expreaaion from the  s tandpoint  of closed-loop 
modeling because of the  i n f i n i t e  summation. 
The system funct ion for a l i n e a r  system (such as the  simulation system 
under ana lys i s )  may be obtained by computing the s teady-state  response of  t h e  
system t o  an input of the form exp(s t ) .  It is shown i n  Reference 5 t h a t  t h e  
system function from u(s)  to  y(s) ( i n  steady-state) is periodio i n  time with a 
period equal t o  the sampling period. However, i f  the  output y ( t )  is considered 
only at sampli i n s t a n t s ,  which amounts t o  introducing a " f i c t i t i o u s n  sampler 
obtained. 
a t  the output Y then the following time-independent t r a n s f e r  funct ion is 
= C ( s )  = F2*(s)D*(s)F1(s) 
times 
We shall  aonsider G(s) defined i n  ( 6 )  t o  be the  l texactn transfer funct ion for 
the simulation. Note that F p * ( 8 )  = ( V H i ) * ( s ) ,  
Equation (6) is i n t r a c t a b l e  for use wi th  t h e  continuous OCM. Therefore, it 
w i l l  be neoessary t o  approximate ( 6 )  f o r  cloaed-loop ana lys i s ,  A 
straightforward approximation is t o  ignore a l l  but t h e  n=O term i n  the  
expression f o r  Fa* which r e s u l t s  i n  
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In  u t i l i z ing  (7) it w i l l  be necessary to  approximate D*(s); the procedure f o r  
doing t h i s  w i l l  be discussed subsequently. 
For the  s imulator  o f  i n t e r e s t  here, 8 the  t r a n s f e r  funct ions for the  
de-aliasing f i l ter  and servo are, respec t ive ly ,  
The hold transfer funct ion is either 
-sT l-e H o ( s )  = -- 
S 
or 
(10) 
Sample periods,  T, o f  1/32, 1/16, 1/10 will be oonsidered as these  aover 
the  l i k e l y  range of i n t e r e s t  for pi loted simulation. Therefore, if the  outoff 
of t h e  de-aliasing f i l ter  is chosen on the basis of  the sampling theorem& > 
5Hz. The v isua l  servo dynamias o f  i n t e r e s t  are oharaoterized by% t 25 rad/seo 
and $ = .70?.8 
With these parameter values ,  each OF the  t r a n s f e r  funat ions of (8 )  - (11) 
may be approximated reasonably well by a pure t ranspor t  l a g  i n  the  frequency 
region of  i n t e r e s t  for manual cont ro l  (d< 10 rad/sec). That is, 
T = T/2 0 
= T 
(13) 
where i = 0 or 1 for the zero-order or first-order hold, respectively. 
2.3 ~ffecrts of Dimre- Intaration 
I n  the previous section the transfer function D @ ( d  was l e f t  unspecified as 
was the manner in which. it was to be approximated for continuous closed-loop 
analysis with the OCM. I n  general, DVs) w i l l  be a "distorted" version o f  the 
continuous system dynanfias that are to be simulated. Some general feature8 o f  
the  distortions introduced by various integration schemes are analyzed and 
presented i n  Reference 5 along with results pertinent to the F-8 dynamics that 
are to  be analyzed later.  Here, we present a brief discussion of the general 
effects of discrete integration followed by a description of t h e  method that 
w i l l  be used to approximate D*(s) i n  the continuous closed-loop analysis. 
Consider the continuous vehicle-dynamics as  described i n  t h e  state-variable 
form of Equation ( 1  1. For' constant system matrices, the transfer matrix between 
system outputs and control i n p u t s  is given by 
~ ( s )  = &(SI u(a) 
(15) 
&(SI :: q(sX-A$lBc + DC 
they lead to  a discrete digita11J9 When equations ( 1 ) are integrated" approximation wi th  the following transfer matrix 
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where t h e  matrices i n  (16) depend on the particular integration scheme and 
sample period as well as on the corresponding continuous system matrices. 
Several points concerning Equation ( 1  6) are noteworthy. F i r s t ,  the elements of 
the  discrete transfer matrix D@(s) , cannot, i n  general, be expressed as  the  
ra t io  of two polynomials i n  a of f in i te  degree. Second, the Bode responses 
corresponding to (16) w i l l  d i f fer  fran the continuous responses i n  both 
amplitude and phase; and, further, the responses for the discrete aystem are 
periodic i n  f r e q u e n c y  with period equal to  2n/T Third,  the  
poles and zeros of Equation (16) are infinite i n  number and are given by, for 
example , 
= ai -t j ( w i  + 2 ~ k ) ;  k = 0 ,  tl, f2,e.o 'i 
Moreover, the principal values for t h e  poles and zeros, i.e., those with k = 0, 
are not, i n  general, equal to  the corresponding poles and zeros of the  
continuous system. Finally, simple integration schemes, such as  Euler, w i l l  
have the same number of prinuipal poles as the continuous system, whereas 
multi-step integratior. schemes, l i k e  ( Adams-Bashforth) , w i l l  introduce principal 
roots that are spurious. 
He now t u r n  to the problem of approximating D*(s) so that the continuous 
representation of the simulator dynamics may be cotupleted. Because of the 
restrictions imposed by the OCM, we res t r ic t  the possible approximations to the 
following formi 
.. 
where%(s) is a rat io  of f in i te  polynomials i n  s with numerator degree less than 
or equal to the degree Qf the denominator. Note that the same ncomputationn 
delay, T i s  associated with each transfer function; This t u r n s  out t o  be a 
good approximation for the dynamics considered i n  Betion 4. If different 
delays were needed, they would be included i n  D v i a  8 rational Pade 
approximation .5 
The simplest approach to selecting D is to  use (15) and l e t  
Y 
Frau the standpoint o f  the OCM, t h i s  means that t h e  atute equationa for the 
original dynamics are used and disurete integration le modeled by adding a delay 
determined frapl the phase distortion, As ha8 been stated earlier, suoh an 
approximation probably accounts for the major wuroe of difficulty of discrete 
integration i n  closed-loop control. However, to  employ it exclusively is t o  
leave us somewhat uncertain as to t h e  olosed-loop signifioance of the amplitude 
dis tor t  ions . 
1 2 2  
It was found5 tha t  very good approximations t o  discrete Bode responses 
could be obtained fo r  the  longi tudina l  cont ro l  tasks tha t  are bo be analysed 
later. These approximations involved per turbat ion of aircraft s t a b i l i t y  
der iva t ives  and CAS parameters to yie ld  continuous modes t h a t  agreed with the, 
discrete modes. In  the case of A-B i n t eg ra t ion ,  it was also necessary t o  
Introduce a zero In the continuous vehia le  t r a n s f e r  i n  order to  reproduce the  
amplitude d i s t o r t i o n  introduced by t h i s  in tegra t ion  scheme. 
When Equation (17) iz! subs t i t u t ed  i n  (14) , the baslo result Is t ha t  f o r  the  
frequency range l i k e l y  t o  be of I n t e r e s t  In  continuous aircraft oontrol  
problems, t he  simulator t r a n s f e r  function can be modelled as 
where D ( s )  i n  an napproxlmatlonn t o  the  Bode response for d i g i t a l  in tegra t ion  of 
t h e  vehicle dynamics. The simulator delay, Is given by 
where rCp, T H , t V  and T, respec t ive ly ,  are the delays introduced by the 
de-aliasing flster, hold , v i sua l  servo and CPU (discrete in tegra t ion) .  
The approximation o f  Equation (18) readily lends itself to efficient 
appl ica t ion  of tb OCM. The ay8tem matrices correapondlng to  a state 
representat ion of  D and the values  f o r 5  are e a s i l y  obtained For d i f f e r e n t  
sample periods, etc. For eaoh condition, a single pun of t h e  OW $8 s u f f l a i e n t  
t o  predict the corresponding pe~rfort~ance. Adjustment of p i lo t  pa rme te r s ,  
speclfically observation noise  l e v e l s ,  al lows t h e  s e n s i t i v i t y  t o  pilot a t t e n t i o n  
t o  be examined. 9 9 
There are shortoolalngs i n  the continuous model. For example, the effeots 
of aliaaing are not considered. Thus, the  degrading effects of the de-aliasing 
filter are inoluded In t h e  oontlnuous model but not its benef i t s .  This  means 
tha t  decrsasing the bandwidth, W o f  that filter oan only lead to negative 
results, a s i t u a t i o n  that Is not obvioualy t rue ,  i n  general .  S imi la r ly ,  beoause 
only the  delays Inherent i n  the data holds are considered, zero-order holds w i l l  
always show less degradation than f i r s t -o rde r  holds. But, In some inatanees,  
the first ordes h o l d a a y  provide advantage8 tha t  outweigh the addi t iona l  delay 
penalty,  T h i s  type of trade-off aannot be explored with t h s  aontinuou8 OCM 
wlthout more sophis t iaa ted  approximation t o  the  simulator dynamics. Beoauas o f  
these and other po ten t i a l  8hOrto~alng8,  it was deoided to develop a hybrid 
model . 
The approach t o  developing the  hybrid model is t o  "simulate" the  
olosed-loop s imula t ion ,  A discrete simulat ion vers ion  of t h e  OCMlO was used i n  
ti closed-loop digi ta l  Monte Carlo type  computationW i n  which "continuous" 
elements of the  loop  are updated a t  a rate s i g n i f i c a n t l y  greater than  discrete 
elements,  I n  other words, the  hybrid model is a mul t i - ra te  sampling system, 
r a t h e r  than a t r u e  hybrid system, (Informal experimentation i n d i c a t e s  that  a 
sample rate f i v e  times that of the discrete elements is adequate t o  s imula te  
c o n t i n u i t y  for the  cases considered here.) I n  a d d i t i o n ,  to  different sample 
rates for continuous and discrete elements,  the  updating of the discrete 
equat ions  of t h e  hybrid model is different for the two kinds  of elements. I n  
p a r t i c u l a r ,  discrete elements are updated by means of the  i n t e g r a t i o n  scheme and 
. time-step specified for t h e  true" simulat ion,  The equat ions  for continuous 
elements are updated a t  the faster rate v i a  t r a n s i t i o n  matrix methods, 
The equat ions  descr ib ing  t h e  hybrid model are q u i t e  complex and are 
described i n  detai l  i n  Reference 5. Here, we simply note  tuo f e a t u r e s  of the  
model that are i n t e r e s t i n g  and usefu l  in subsequent analyses .  F i r s t ,  t he  hybrid 
model was implemented so that the predic t ion  time i n  t h e  p r e d i c t o r  of  t h e  OCM 
(See Figure 2) could be selected arbi t rar i ly .  Th i s  c o n t r a s t s  with the  s tandard 
OCM i n  which the  p r e d i c t i o n  time is always equal to  t h e  time delay. Phi8 
a d d i t i o n a l  freedom allows u s  t o  "sweep out" curves  of performance versus  
pred ic t ion  time, Theore t ica l ly ,  best performanoe should be obtained when the 
Predic t ion  time i s  equal t o  the  sum of the  human's de lay  and the  s imula tor ' s  
delay,  i ,e. when the opera tor  compensates opt imal ly  for both de lays ,  S ince  the 
human's de lay  is an asaumed parameter, the oompensation time for best 
performance y i e l d s  an independent measure o f  t h e  s imula tor  de lay ,  
A second f e a t u r e  of t h e  hybrid model is tha t  the  i n t e r n a l  model for the OCM 
need not  be the same as the  syatem model.4 This  f l e x i b i l i t y  provides  t h e  hybrid 
model with a c a p a b i l i t y  f o r  examining t ransfer -of - t ra in ing  quer t ions .  I n  
a d d i t i o n ,  s inoe  optimal perfomanoe should correspond to the  operator's model 
being equiva len t  to  t h e  system model, the  hybrid model can be used to  e v a l u a t e  
d i f f e r e n t  ( i n t e r n a l )  approximations to  t h e  disarete s imulat ion.  
A f i n a l  po in t  concerning the hybrid model is worth not ing,  Eecau8e i t  is a 
Monte Carlo model, i t  normally w i l l  r e q u i r e  many oomputer s o l u t i o n s  to  o b t a i n  
meaningful s t a t i s t i o s ,  In the ana lyses  t o  be performed here, however, we are 
i n t e r e s t e d  i n  the s teady-s ta te  response of s t a t i o n a r y  systems. Rather than 
average over many Monte Carlo s o l u t i o n s ,  we have assumed ergodioity o f  t he  
processes  and u t i l i s e d  time-averaging of a single response. Even with t h i s  
s i m p l i f i a a t i o n ,  it i s  fa i r ly  expensive computationally t o  o b t a i n  v a l i d  
8tatist iQal r s a u l t s , 5  
# A  t r u l y  hybrid (ana log/d i# i ta l )  model i s  poas ib le  but  would r e q u i r e  a hybrid 
ooaputer (*$oh was not  a v a i l a b l e )  
*Indead, the  system model oan even be nonlinear ,  
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The models for closed-loop analysis of simulator effeots have been applied 
to an flexample" simulation involving air-to-air ta rge t  tracking. Results have 
been obtafned for both longitudinal and la teral  control tasks, for augmented and 
unaugmented dynamics and for different target motions. I n  addition, the effects 
of changes i n  design parameters of each simulation campcnent have been explored, 
The fu l l  range o f  results may be found in Referenoe 5. Here, a sample of t h e  
results is presented to show the  extent of t h e  simulation effects and the 
capabilities of the closed-loop models, 
4.t  The Traoking Problem 
Figure 4 shows the geometry of the air-to-air traoking In  the longitudinal 
plane. The gunaight is assmsd to  be fixed and aligned with the  a i raraf t  body 
axis. For longitudinal tracking, we w i l l  assume that no information concerning 
the target's pitch angLe, + nor the relative aspect angle is available. The 
pilot 's  task is assumed t o  be that o f  minimizing the mean-squared, Iine-of-si6irt 
INERTIAL REFERENCE 
0 INERTIAL LINE-OF-SIGHT ANGLE (ECEVATION) % 
R * TARGET RANGE 
g,, = ELEVATION TRACKING ERROR 8 cI,-e 
Fipre 4. Target Geometry 
traoking error 4 v ,  
The target $8 assumed t.0 exeoute randm vertfoal evasive maneuvers. In 
partioular, target alt i tude variations are 6merated by passiq$ white, gaussian 
noise through a t h i r d  order f i l t e r  a8 i l lustrated below. 
By seleoting t h e  covariance of the white noise and the  cutoff frequency of' t h e  
Butterworth t i l t e r ,  rms alt i tude variations and noma1 accelerations may be 
specified, Here, a outoff frequenoy o f  t t .S Fad/8eo was used and t h e  noise 
aovarianoe was chosen to give an rms altitude variation o f  267 ft, and Iuz FPDS 
acocleratfon of 3.1 g, Of oour8eI the linearity 01 %he problem allows ua to 
soala the results to  correspond to htgher or lower aacelerations, 
The longitudinal short-period dynamics of' the F8 without augmentation w i l l  
be the baseline dynamics, The relevant equations may be found in Referenoe 5. 
The short period dynamlos have a natural frtquenay o f  2.28 rad/sea and a daapin 
coeffioisnt of  .29; th ia  represents poor short period handling qualities. 
Beaause o f  t h i s ,  and beoause we w e  interested in the effeot8 o f  simulation 
parameters a3 a function airoraft  dynamics, a set of augmPanted longitudinal 
dynantios will also be oonsidered. A p i t c h  ooaraand augarentation aystepr (CAS) is 
used to modify the base airframe oharaotsristios. The CAS design is a modified 
version o f  the design proposed i n  Refersnoe 11, 
f 
Tho aquationa for t h e  augmented dynaarios are given in Reference 5. The P8 
with the pitah CAS has short period roots wi th  a natural frequency o f  2.78 
radlsec end a damping ooaffioient of .@I; t h i s  constitutes a significant 
improvement i n  the s h o ~ t  period handling qualitiea.2 
The aontinwua model was used to  analyze the eifects o f  both riaulrtion 
paraadtars and problm varirrbler, Uith respeot t o  the  simulation, the uffe0t8 
o f  erulplr period and integration eehme are prusented foor the  longitudinal 
CAS-OFF m d  CAS-ON reaul ts  . CAS-OFF dynllrio8, PrOblm dependent s f h o t 8  are t l lustrat rd by omparing 
Ue define a W i o  sSaulation oonfiguration, oorresponding to  Figure 3, i n  
whioh the  outoff of t h e  ds-aliasin( filter &a set  a t  half the smpla frequsnoy, 
the visual aervo Ma the DMS oharaotsristios v= ,7O7,dn * 25 rad/8eo), and 8 
aero-order hold is used i n  data reconatruation. 
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Figwe 5 .  Effect o f  P1sc;rcte Simulation on Nomalixed Performanae 
Figurs 5 gives nomalizcrd perfomanoe for the basia aonftgurstion %s a 
function of sample period and integration scheme, Namaltzed performanoe i s  
defined ad the  tracking orror obtained fop the simulation configuration divided 
by t h e  tracking error that would be obtained i n  a continuous siaulation with no 
delay8 (or in flight).. The nomnlizatlon le  deterrsined by oomputing the 
performanos utilizing the original , aontbnuoua s ta te  equations and asauraing the 
only delay is that of the operator ( , 2  seaonds), 
Figure 5 shows aubstantial effeots are introduaed by t h s  sibuletkm, 
particularly rt low simple rates. Even for the  highest sample rate (T 
,031251, there is a 1&29 peroant pert'orutanw deeradation. A ohangr of t h i n  
magnitude sxaaeds t h e  noma1 intra- and inter-subject variability in aanuat 
trrroklng tasks and would, therefora, be expaated to be signlfioant. For thc 
Lowest sample rates the parfobraurnoa degradation ranges from 35-50 prroent , 
nmbers that are clearly consequential, Tlt i s  ohar that ,  from B olased-loop 
traaking standpoint, A-8 integration i s  superisr to €Mer integration, 
The results i n  Figure 5 asswe that the only adjustments in pilot  strategy 
remlting Crcm t h e  simulation are an inorease i n  prediotion time to aompenaata 
for simulator d r l rys  and the adoption a t  an internal modal that aodounts for  t he  
mpkitude di8tOrtiOn8 (and pole prrturhatisnd introduoad by the CPU. The 
rr8ults ara based on the a8auaption o f  a tixed Level of  attention throughout, 
However, the  pilot my choose to  devote more attention to  the task (work hardad 
and, thereby, reduoe traoking error. A reaaonabls qutb8tion to  ask, then, fa  
*How auch mom attention to tha task would be required to achieve pvrformrno@ 
levels oomprrable to  those that aould k obtained in a eontinuour sirulation7@ 
T h i s  question oan be addressed using the model for workload associated w i t h  t h s  
OCn.9 The recsult of th i8  analysis ir shown in Fi~ura 6, 
> 
@'As nilht  be tho ease in an a l l  analog simulation with analog diapLay8 providiry 
undslayed v i s u a l  Inf'orortion. 
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Figure 6, Simulation Workload Penalty 
It can be seen from Figure 6 that to achieve the performance equivalent to  
that for  continuous simulation, the pilot would have to increase h i s  attentional 
workload by factors up to three for t h e  conditions considered. There is a 
substantial workload penalty and it might be expected that a compromise between 
performance degradation and increased workload might evolve, T h i s  would be the 
case, especially i f  the pilot had not flown t he  >vehicle or a continuous 
simulator i n  the same task so that there would be no basis for sett ing a 
criterion level of performance. 
Before leaving t h e  workload question, a f u r t h e r  point is worth noting. I n  
the describing funct ion literature, it has been common practice to associate 
workload wi th  t h e  generation of lead. However, there has been no quantitative 
connection betwesn the  amount of lead and the increase i n  workload. In  the 
present context, one can think of the increased prediction time necessary to 
compensate for simulator delays as imposing a ( processing) workload analogoua to  
that of lead generation, The measure of attentional workload given previously 
may then be thought of as an alternative seans of quantifying the workload 
imposed by the requirement for additional prediction. 
It was anticipated that there would be an interaction between the effects 
of simulation parameters and problem variables such as vehicle handling 
qualities, Thus, the above tracking task was analyzed for the CAWON 
configuration. 
Figure 7 compares normalized longitudinal CAS-ON and CAS-OFF performanae 
for the basic simulation, It aan be seen that the CAS-ON performanoe is 
degraded more by the discrete simulation than the CAS-OFF performance, These 
results are explained by the fact that the delays introduced by digi ta l  
integration are larger for CAS-ON dynamics than they  are for CAS-OFF dynamias, 
The effects of longitudinal dynamias when viewed in  terms of absolute 
performance are interesting and are alao shown i n  Figure 7. The absolute 
performance for continuous simulation is better for CAS-ON than CAS-OFF (by 
about 3.5 peraent) and the sensitivity to inaremental aomputation delay is about 
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Figure 7. Effect of Vehicle Dynamics 
the same for the two configurations. Thus, for a given simulation 
configuration, absolute perforaance for CAS-ON and CAS-OFF oonfigurations w i l l  
be about the same i f  Euler integration 5s used and the CAS-OFF configuration can 
give better performance i f  A-B integration is used. I n  other words, the 
discrete simulation washes out any improvement due to the CAS! 
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5.2 Hybrid M e 3  
The hybrid model was used to investigate several issues t h a t  could not be 
Results were limited to the  examined readily i n  t h e  continuous model context. 
longitudinal unaugmented dynamics because of cost and time considerations 
r . I I I - EULER - - ADAMS- BASHFORTH 
(WITH ZERO IN 
INTERNAL MODEL ) 
ADAMS-BASHFORTH 
( WITHOUT ZERO) 
36.6 
t'20) 
1221 I I I I 
[ W o  0.1 0.2 0 . 3  0.4 0.s 
DELAY COMPENSATION ( soc) 
Figure 8. Effect of Operator Prediction Time 
Figure 8 shows the sensitivity of performance to  delay oornpensation time* 
for t h e  basic simulation oonfigurations with both Euler and A-B integration and 
*The prediction time i n  excess of that needed to  aompensate for t h e  operator's 
intrinsic delay of .2 seo. 
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for T = .1 and T t ,0625. The " in te rna l"  models for the OCM i n  these cases are 
the  continuous approximations t o  t h e  discrete t r a n s f e r s  t h a t  incorporate  
amplitude d i s t o r t i o n  effects; however, no delay is added t o  t h e  human's delay 
of .2 seconds t o  account for the  simulations delays. Thus, we expect the  
optimal predict ion times t o  be approximately equal to  the  delay introduced by 
the  simulation. For Euler 
in tegra t ion  t h e  minima occur a t  ".26 sec and ".2 sec. f o r  T = .1  and .0&5, 
respect ively;  t he  cbrrespanding simulation delays are .27 and .19 . 
This is indeed the  case as can be seen i n  Figure 8. 
For A-B in tegra t ion  the  minima are a t  larger compensation times than for 
Euler. Th i s  is a r e s u l t  of the method used t o  account for amplitude d i s t o r t i o n .  
(Recall t h a t  a zero was introduced i n  the t r a n s f e r  funct ion and t h i s  
necess i ta ted  an increased t r anspor t  delay to  match the  phase lag a t  
mid-frequencies.) With T = . l ,  the optimal predict ion time is around . 3  seconds 
and the simulation delay is ".32 seconds. For T = .0625, performance does not 
appear to  be very s e n s i t i v e  t o  predict ion time i n  t h e  neighborhood of the 
optimum, The simulation delay is -.21 seconds and performance f o r  t h i s  
predict ion time is indis t inguishable  from optimal performance. Figure 8 a l s o  
shows a curve for  t h e  case where t h e  opera tor ' s  i n t e r n a l  model does not  include 
a zero to  match the amplitude d i s t o r t i o n  of  A-0 in tegra t ion .  It can be seen 
t h a t  f o r  t h i s  case a delay oompensation of only -. 17 seconds is required.  T h i s  
corresponds to  the delays introduced by t he  servo, pre-filter and zero-order 
hold. The optimal performance is marginally poorer than for t h e  case with 
amplitude d i s t o r t i o n  included i n  t h e  in t e rna l  model, These r e s u l t s  suggest t h a t  
although imlud ing  the zero provides a better model of the  effect of A-B 
in tegra t ion ,  the increased delay compensation needed t o  offset t h e  e x t r a  lead 
should not be viewed here as a workload penalty,  
These r e s u l t s  confirm the  estimates of s imulat ion delay used i n  t h e  
continuous model. They a l s o  demonstrate imp l i c i t l y  how opera tors  may adapt 
:heir behavior t o  compensate for simulator inadequacy. The added predict ion 
required may impose a workload penalty as noted earlier. 
Another form of adaptat ion t o  the simulation involves the p i l o t s  i n t e rna l  
model. Two questions are of in t e re s t :  1.) What model w i l l  t he  t ra ined  operator  
adopt when "flyingtt  t h e  simulator?;  and 2.)  What is the " t ransfer"  effect of a 
wrong model when t r ans i t i on ing  from discrete simulator t o  continuous s imulator  
( f l i g h t ) ?  A t  least partial answers t o  these quest ions fo r  the longi tudina l  
dynamics and Euler in t eg ra t ion  are provided by the r e s u l t s  shown i n  Figure 9. 
Figure 9 g ives  performance vs. delay cornpensation f o r  T = ,l and two 
in t e rna l  models, One i n t e r n a l  model is tha t  derived t o  matah the  Corresponding 
disarete t r a n s f e r  funat ion while t h e  other  is the  basic continuous model, It 
aan be seen t h a t  better performance is obtained when the  i n t e r n a l  model 
corresponds t o  the approximate discrete model Implying t h a t  this i s  a better 
model of the  d i so re t e  simulat.ion than is t h e  o r i g i n a l  continuous model. Figure 
9 a l s o  shows t h e  e f f e a t  of  using the  model corresponding t o  T = ,1 seoonds i n  a 
simulation where the aa tua l  sample period is ,03125 seconds ( i .8.)  near ly  
continuous) as compared t o  using the model f o r  T = .03125 seconds ( i .e, t h e  
aor rec t  one) . If the  operator  optimizes delay compensation, performance w i l l  be 
degraded by about 10%. I f ,  on the  o ther  hand, the delay aornpensation 
appropriate  t o  T z . 1  i a  used, a performance penalty o f  about 196 w i l l  be 
incurred, The effeat is not subs t an t i a l  here but it might be i n  o ther  tasks, 
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The effect of the cutoff frequency of the de-aliasing f i l t e r  on performance 
is shown i n  Figure 10, Euler integration of the vehicle equations is used and 
other simulation parameters correspond to  the basic configuration. The results 
are for a sample frequenoy of IO HZ ( T  s 1) so a cutoff frequenoy o f 4  s 5 HZ 
sat isf ies  the Nyquist requirement. Results are obtained ford, = 1,  5 and 20 
Hz, respectively. The lowest value ofUc = 20 Hz I s  based on the assumption 
that there is not significant signal power beyond 5 Hz so there i 8  no need to  
set the f i l t e r  break-point a t  that frequenuy and incur the delay penalty. The 
results i n  Figure 10 favor using the higher cutoff frequenoy,&, = 20 Hz, for 
t h i s  problem. Furthermore, there is a substantial penalty for using the low 
frequency cutoff. These two results imply that aliasing is not a problem here. 
We also note that the performanoe minima for% = 20 Hz and 5 Hz occur a t  about 
the correct value of prediotion time; the optimum prediotion time for t 1 Hz 
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is much larger but not quite so large as the estimated total  simulation delay of 
ki- 0.1 0.2 0 . 3  0.4 0.5 0.6 
Figure 10. Effect of Dealiasing Fi l te r  Cutoff Frequency 
.53 seconds, 
The effects of using a first order hold instead of a zero order hold are 
shown i n  Figure I 1  for both Euler and A-B integration a t  T :: ,1  and for Euler 
integration a t  T :: .0625. The oorresponding best zero order hold performance 
values are also shown for comparison purposes, A t  a sample period of .1  
seconds, s l i g h t l y  lower tracking errors are obtained for Euler integration with 
a first order hold than with a zero order hold; i n  addition, the m i n i m u m  
performance is obtained with less delay compensation. The situation for A-B 
integration and a , 1  second sample period is the reverse of that for Euler. 
That is, for  A-B integration the first order hold degrades performance, 
The first order 
hold uses intersample information which provides some lead. For long sample 
A possible explanation for these results is as follows. 
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Figure 11. Effect o f  F i r s t  Order Hold 
per iods and Euler  i n t e g r a t i o n ,  t he  e f f e c t i v e  lead provided is apparent ly  more 
b e n e f i c i a l  than the  lag penal ty  assooiated with the higher order hold, The 
b e n e f i c i a l  effects of a first order  hold should decrease as the  sample period 
deoreases.  T h i s  is supported by t h e  r e s u l t s  for T = ,0@5 which ahow no 
difference between the two holds,  I n  the case of A-B i n t e g r a t i o n  the  added 
delay o f  t h e  first order  hold dominates, This may be due to A-B i n t e g r a t i o n  
having an implicit first order hold a t  t h e  input ,  thereby reducing any advantage 
i n  adding such a hold at  the output .  
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6. SUmaRI AND CONCLUSIOlOS 
I n  t h i s  paper we have examined the effects of simulation parameters and 
components on simulator f idel i ty ,  particularly with regard to predicting 
operator performance and workload. Our focus has been on t h e  dynamical aspects 
of simulator primarily as they relate to closed loop control. We have generally 
ignored questions t h a t  would necessitate inclusion of detailed models for cue 
perception leaving thelse to future s tudy ,  
An approximate oontinuotra model of the discrete simulation was incorporated 
i n  the standard optimal oontroi model for the human operator. The resulting 
continuous closed-loop model was used to  analyze both overall simulation effects 
and the effects of ind iv idua l  elements. The results showed that,  as compared to  
an ideal continuous simulation, t h e  discrete simulation could result i n  
significant performance and/or workload penalties, The magnitude of the effects 
depended strongly on sample period as expected. From a closed-loop standpoint 
it seemed clear that A-B integration was much to be preferred. With respect to  
the other simulation components it can be said that any reduction i n  delay is 
desirable. Such reductions inevitably involve increased costs ( handware or 
software) which must be balanced against the expected improvements. 
I n  addition to  the continuous model, a hybrid model was developed to  allow 
investigation of situations t h a t  could not be treated adequately with the  
Continuous model. Several interesting results were obtained with t h i s  model, 
It was shown that for t h i s  ( fa i r ly  typical) a i rcraf t  control problem signal 
bandwidths were such that the de-aliasing f i l t e r  cutoff frequency could be se t  
a t  a value greater than half the sample frequency. Also, there appeared to be a 
potential under certain conditions for improved simulator performance with a 
first order hold (rather than a zero order hold). The model was also used to  
show demonstrable effects for adopting the simulator dynamics as  an internal 
model, The need to compensate for simulator delays via added prediction was 
also shown. 
We believe the models developed here can be very u s e f u l  in developing 
engineering requirements for f l i g h t  simulators. These requirements w i l l  be 
problem dependent which is one reason why models are needed. A s  we see it now, 
the process for using the models would involve the following steps: 
i) Use standard OCM to  analyze ideal continuous simulation to develop 
baseline performance and to determine expected signal bandwidths , 
ii) Analyze distortion introduced by discrete integration schemes and 
develop continuous models for discrete dynamias valid over the band of 
interest. 
iii) Analyze effects of integration, cue dynamics etc.  using continuous 
model. 
i v )  Use hybrid model to examine effects of data reconstruction, 
de-aliasing cutoff frequency eta. 
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Before t h i s  procedure could be used with complete confidence the models 
described herein need further validation and extension, It is especially 
important to collect data i n  a carefully controlled experiment to  verify the 
individual simulation effects. 
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Many u s e f u l  mathematical models for manual c o n t r o l  monitoring and 
aecisicn-amking tasks in man-maahine systems have been designed and 
successfu l ly  appl ied.  However, c r i t i ca l  comments have occasiarally been 
mde, m i n l y  by practitimers concerned w i t h  t h e  design of complex 
man-mathine systems. They blame e s p e c i a l l y  models which Seem t o  e x p l a i n  
only data from abstract subtask experiments designed p a r t i c u l a r l y  for these 
models. 
I n  t h i s  paper, an  i n i t i a l  approach to  br iduing  the  gap between these 
two p o i n t s  of view is presented ,  From the manifold of poss ib le  human 
t a s k s ,  a very popular base l ine  a a n a r i o  has been chosen, namely car 
a r i v i n g .  A hierarchy of h w a n  a c t i v i t i e s  is derived by analyz ing  this task 
in general terms- A s t r u c t u r a l  descr ip t ion  leads to  a block diagram and a 
t l e - s h a r i n g  computer analogy, 
The range of a p p l i c a b i l i t y  of existing mathematical models is 
considered w i t h  respect to  the hierarchy of human a c t i v i t i e s  in real 
aomplex t a s k s .  Also, o t h e r  mathematical tools so far n o t  o f t e n  appl ied to 
man-mohina systems are disouased. The mathematical d s s c r i p t i o n s  a t  least 
b r i e f l y  caraidered here inc lude  u t i l i t y ,  estimatim, cmtrol,  queueing, and 
f m z y  set theory as well as ar t i f ic ia l  i n t e l l i g e n c e  techniques.  Some 
thou*@ are given as t o  how these meUIocl8 might be i n t e w a t e d  and how 
f u r t h e r  work d g h t  be pursued . 
T h i s  research was aupported by the National Aeronautics and 
Space A d a d d a t r a t i u n  under N A S A - h a  Grant NSi-2119. 
**Permanent address: Research I n s t i t u t e  for Humn 
Engimer ing  (FAT) D-5309 MeckenhelmJ E. R Germany 
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bhen d e s i g n i n g  such  systems as automobi les ,  aircraft, power p l a n t s ,  
and management i n f o r m a t i a r  systems, it is very  i m p o r t a n t  to under s t and  t h e  
human's role i n  .the sys tem and des ign  t he  man-maahine i n t e r f a c e  
a p p r o p r i a t e l y .  The e n g i n e e r i n g  approach,  which lead8 one t o  r e p r e s e n t  t h e  
machine i n  terms of d i f f e r e n t i a l  equatiars, ne tworks ,  etcd s u ~ g e s t s  that 
the human can also be r e p r e s e n t e d  as a set of m t h e m a t i o a l  equations for 
the purpose of systems a n a l y s i s  and designn, Thus, c o n s i d o r a b l e  effort  has 
bean devoted to deve lop ing  mathematical models of human behavior .  
b e s p i t e  t h e  criticisms of those who f i n d  t h e  analogy between humans 
anu e q u a t i o n s  u n p a l a t a b l e ,  many models have been r e a s a n a b l y  s u c o e s s f u l  
within t h e  l i m i t e d  domains that they  addressed In  f a o t ,  i f  we accept the 
premise that human behavior  mainly reflocts the e x t e r n a l  envi ronmsnt  [ I ] ,  
then it is n o t  s u r p r i s i n &  that man a n d  machine oan be d e s o r i b e d  i o  similar 
terms. C u i t e  aimfly ,  s i n c e  the humon adapts h i s  behav io r  t o  t h o  machine, 
h i s  a o t i m s  become somebhat machine-iike+ (Of course) frora a design p o i n t  
of view, one tr ies to  avoid requi r? ing  the  human t o  a d a p t  to t h e  machine t o  
any extreme extent .) 
On the other hand, t he  suoceas o f  madels in l i m i t s d  clomalns has n o t  
haa s u b s t a n t i a l  impaot i n  r e a l i s t i c a l l y  complex domains Eor example, 
manual c o n t r o l  modela we n o t  everyday tools for  t h e  airoraft desilpler, 
rurthsr,  as the  reader w i l l  see m n u a l  o o n t r o l  models c a p t u r e  only  a small 
portion of' the total t a sk  of d r i v i n g  a n  automobile. For these masdns, 
designers have k e n  known t o  olaim tha t  mathemati081 models of human 
behavior  are n o t  p a r t i c u l a r l y  u s e f b l .  kh i le  the  a u t h o r s  only  p a r t i a l l y  
agree w i t h  t h i s  op in i cn ,  even  85 it relates t o  c u r r e n t l y  a v a i l a b l e  m d e l ~ ,  
auch atatemonta have mot iva t ed  t h e  woFk upon whioh th ia  paper is based. 
kithio t h i a  paper, t he  a u t h o r s  p r e s e n t  a r s a l f s t m t l l y  complux task 
( i + e * )  outomobi18 d r i v i n g )  and i l l u s t r a t e  t h e  v a r i o u s  aspeots of the taek 
by uaing w r i t t s n  p rc tooo lb  of s u b j e a t a '  bohsviar .  A h i e r a w h y  o f  huatan 
a c t i v i t i e s  is d e r i v e d  by a n a l y z i n g  thia task i n  general terns* A 
t ime-sharing aomputer ana logy  and block diwrarn am p r e s e n t e d .  Numrous 
ma thematical methodologier, a p p r w r i i r t s  t~ r e p r e s e n t i n g  suoh a mode: are 
d i s c u s s e d  g i n a l l y  the state-of-the-art i s  summwlzed and  t h e  p rospea t8  
am c o n s i b r e d .  
I n  o o n a l d e r i n g  a l t e r n a t i v e  rts l i s t io  taak dom1n8, the author8 
diaoussed a v a r i e t y  of domains i n c l u d i n g  airoraft  p i l o t i n g ,  i n d u s t r i a l  
proaesa m n i t  o r i n g ,  and automobi le  d r i v i q  . After auba tan t i a l ,  dirouasiar, 
i t  became q u i t e  o l e a r  that tho  domain t o  whioh both t h e  a u t h o r 8  and 
p c h t n t i a l  readers cou ld  mwt relate was automobile  d r i v i n g ,  
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The iwcperiment'i involved a hypothetlcal t r i p  fran t h e  driveway of one 
author ' s  house CGJ) t o  t h e  home of the other author (UR). Two s u b j e c t s  
participated (OJ and Ma). T h a i r  task was to  e x p l a i n  i n  Q s U  whet t hey  
would be doing throughout .he hypothetical t r i p .  Each s u b j e o t  
independently gemrated a w r i t t e n  pro tocol  of the t r i p .  The two r e s u l t i n g  
protocols  were merged to  produce Figure 1. 
The a o t i v i t i e s  in t h i s  f i g u r e  can be categorized in to  s e v e r a l  l e v e l s  
of behavior: 
1 I Reaching, twis t ing ,  and l i s t e n i n g  
2. S t e e r i n g ,  a c c e l e r a t i n g ,  and braking 
3. Lodting around and e s t i m a t i n g  
4. Updating and e v a l u a t i n g  
5 .  Planning 
6 .  R e f l e c t i n 8  and daydreaming 
The a u t h o r s  would l i k e  t o  suggest  that a t heo ry  of human behavior i n  
r e a l i s t i c  tasks should be able t o  ntodel l e v e l 8  1 through 5 .  In p u r s u i t  of 
t h i s  p o s a i b i l i t y ,  t h i s  list was somethat uompacted to  y i e l d  the following 
aapeots  uf behavior t o  be modeled: 
3 ,  S e m i n g  and i n t e r p r e t i n g  inputs  
2. Planning 
3. folplsrponting plans 
To oonsidar these thme topies, an  o v e r a l l  framwork: w i l l  be disouasad i n  
the next s e c t i o n  and then, s p a o i f i c  approaches t o  modeling w i l l  ba 
considered i n  the subseowat s e o t i m .  
STRUCZURAL DGSCRIPTION 
Looking a t  the hierarchy of humn a e t i v f t i e s  dtSCU88ed above as 
information proasssing a c t i v i t i e s ,  a tima-aharing oomputttr analogy aeerga t o  
be a very appeal ing approaah t o  underatnndtng t h e  s t r u o t u t n l  
i n t e r r e l a t  ionehips. 
P i s u r e  2 shows a akrtoh ot' auoh a tima-sharing colsputer analogy. 
Them am e a v e n l  p o a s i b i l i t i w  For t h e  a s n t n l  nervous syetm (WS) t o  
i n t o p a a t  with the peripheral i n p u t  and output  devvlaee ( i . e . ,  the sensory 
and t h e  motor syst@mo ine luding  apeeuh @!ansation), The CNS is v i w e d  8s 
being d iv ided  i n t o  an opera t ing  system rnd four claams o f  Job8," i r e . )  
prclgnm/datr files (ace, e .g* ,  (21, C31). Hereby, a mult i -processor  syrtee 
rllawin$ a a t x t u r e  of  prrrIlel and aerial inforarcltiat procasr ing  i s  most 
l i k e l y  to be a mrrronahle ansuwstiar fop the h u m n  o p e r a t o r  [4] .  
The opera t in6  ayatera i s  rcrsponaiblr for echrdulin( t h s  prqmmrr in a 
t ~ 4 u r o d  m n n e r  by wing a p r i o r i t y  i n t e r r u p t  polioy. C o n f l i c t i n 8  
ar i te r ia  w i t h  mapsot to p r i o r i t y  have t o  also bu e v r l u r t e d  by the 
opera t ing  systm. Thia might be a Crucial taak, especially In urgent  
dturrtians. 
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Figure 1 :  Protocol for Typicel  City Trip 
INSBRT KU W I~NltfON 
PUT o)( S A T  U L T  
P R E S  GAS PEDAL 10 FLOOR AND UWST TOTALLY HELBASE 
rtfm KU 
LISTtk FOR EhOXNE S U N D  
1F 90, TMN G I V e  GAS 
EL$@, STOY MD GO BACK TO TUW KEX 
kbIT FOR CAR TO kARh UP - DAYDHEAM 
LOGR AROUND - SEE lii I CAN BACK lP OKAY - INCLUDES U S N G  URRORS 
IF 90, THEN PUT CAR LN RVGTsE 
ELSE, WAIT FOR ALL CLEAR 
PUT RIGhT A R M  ON SGAT BACK SO As TO SEE BETTER 
$UMh bXnt LM'T ARh, ACCBLEHATG AM, BACK GN1D STREET 
DBTEH~INE khm CUM TO GO F O R ~ A R D  - S'IOP BACUINO UP - ems BRAKE 
PUT CAH IN UUVE 
L o a  ARDtrND - sa X t  I CAh PRocEep 
IF So, ACCgLERATE 
ELSE, UAPT FOR ALL LZEM 
L l U T  Wbm SINCE C O Y  SIGN oOU91Ho UP - CONTINUE LOO1(1)16 ARO'JND 
STMW so e TO STAI *SORT OF' IN LAMB 
YSI'PMATE PXdANQ TO STOP SIGk - CHIQ POI TIM TO DECILERATE 
IF W) k W V 6  FOOT OROM GAS AND OVER TO MAKE 
bLSBp UPDATE gSTIhATE OF DXdANO CONTINUB LOOKIN0 AROUWSIEMIWG 
YUNl UN Lam UIMCT'IONAL 
NheW PAlhLY UOS TO SPOY S I O N p  PUSH mu($ HARDER AND 3TOP 
140 
LOOk LbP'T AND R1SkiT COR 'I'HAFFIC 
1F NONE TOO CLOSE: ( E S T I U T E  I F  I CAN MAKE I T ) .  ACCELERATE, TURN LEET 
ELSE, WAlT kOk ALL CLEAR AkD CONTINUE UPDATING ESTIMATES 
0 STI\AIGhTkW OUT 'SO AS'I'O hBEY 
ACChL&RATB, BUT NOP TOO MUCH BLCAUSE STOP SIGN COhING UP 
SORT OF" IN LANE 
L O U  AROUND AT THAPFIC - ALSO AT HOUSES AND YARDS - DAYDREAM 
EXECUTE S'IOP SIGk ROlrT1NE - ONE FOR STOPPING - ONE FOR STARTING 
- USE FOUR-WAY STOP SIGN ROUTINE 
LXEUJTE WFiQUTE HOU'KNE - INCLUDING TALKING, SIGHTSEING,, ETC, 
0 
PLAN ROUTE - MAT STREETS TO TAKE 
EXECWE STOP SIGN/STOP LIGHT/TURNING/PASSING/LANE CHANGING R D U T I N E S  
L O U  ARCiOND EDR APPHOPHZATE PARKING SPACE 
IF ONE F a N D j  DETEEiMlNE PLAN FOR GETTING INTO 1T 
ELSE, CONTINbE LOOKING - CONTINUE LOOKIM AROUND AND STEERING 
BXh(XtTE PLAN BEN-LOOP, WIM FlNAL UPDATES AS ERROM CAN BE ESTIMATED 
PUT CAR I N  PARK 
TUM WF RADIO hEATERj ETCap I F  APPROPRATE 
'1UW SE' KiiY 
HEMOVE KEY 
14 1 
‘Ihe four classes of p r o g r a d d a t a  f i l e s  relate t o  a central-nervous 
r ep resen ta t ion  of tasks the human operator has to  performr Ea& of these 
program classes is s t r u c t u r e d  i n t o  main programs and i n t e r r e l a t e d  
s u b r o u t i m s  
k i g u r e  2:  Sketch of a Time-sharing Computer 
Model of the Hunran Operator 
Class ho. 1 comprises inpu t - r e l a t ed  programs, humn monitor ing 
tasks and l ook ing  around proceduresr Class No. 2 is similarly related t o  
ou tpu t  a c t i v i t e s ,  e.g*, the  s t r u c t u r a l  o rgan iza t ion  of motion p a t t e r n s  
(e,;.? i n  reaching)  and speech. Class No. 3 programs describe s t r ic t  
input-ou t p u t  r e l a t i o n s h i p s  as i n  tracking-type c o n t r o l  and choice-react ion 
tasks. A l l  three classes c o n t a i n  programs with a h igh  l e v e l  of autonomy, 
perhaps carried o u t  by peripheral proaessors. The ope ra t ing  system has to  
i n i t i a t e  and s u p e r v i s e  these autonomous processes Addit ional ly ,  the  
adaptive c o n t r o l  of the sampling process i n  parallel  tasks  has  t o  be 
aocoinplished by the  o p e r a t i n g  system 
Class Mo, 4 r e p r e s e n t s  the long-term memory of t h e  human which 
inc ludes  a knoklledge base of facts, models, and procedures ,  The programs 
of c lass  Lo. 4 are concerned with i n t e r n a l  processes such as r e f l e c t i n g  
and planning which have access t o  t h e  kncktledge base, thereby o c c a s i o n a l l y  
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modifying i t *  The o p e r a t i n g  system is r e spons ib l e  for s e a r c h i n g  through 
the  knmledge base (see, e,&, E51, E31). 
The time-sharing computer analogy o u t l i n e d  here is mainly assumed as a 
p o s s i b l e  frameworn for f u t u r e  t h i n k i n g  about  complex man-qrachine systems. 
To f u r t h e r  i l l u s t r a t e  the hierarchical mul t i - l eve l  s t r u c t u r e  of human 
a c t i v i t i e s  w i t h i n  t h i s  framework, a block diagram is shown i n  Figure 3 .  
Only the mst  important information flows between t h e  d i f f e r e n t  l e v e l s  are . 
o u t l i n e d  
Knowledge 
Base 
(Facts, 
Models, 
Procedures) 
Extracting Modifying 
Features 
. Response 
Generation a 
Figure  3: hierarchical Multi-Level S t r u c t u r e  of H u n  A c t i v i t i e s  
Lower l e v e l  p rocesses  (bottom of Figure 3)  are normally characterized 
by events  occur r ing  a t  a high frequency as compared t o  higher  l e v e l  
processes ( t o p  of F igu re  3 ) .  T h i s  refers t o  d i f f e r e n t  time scales f o r  
d i f f e r e n t  l e v e l s .  However, because lower l e v e l  processes may be 
autonomous, t h e  d i f f e r e n c e  i n  time scales does not  mean t h a t  these 
processes have t o  be considered by the  o p e r a t i n g  system more f r equen t ly .  
I n  Figure 3, planning is denoted as a major a c t i v i t y 4  With data from 
t h e  knawledge base and those from lower- level  looking around procedures8 
sometimes in f luenced  by higher- level  r e f l e c t i n g 8  planning is t h e  
development of procedures t o  achieve o v e r a l l  g o a l s  and subgoa l s  f o r  
lowsr- level  prooesses  lvtodifying t h e  knowledge base as well as 
g o a l - s e t t i n g  f o r  c o n t r o l l i n g  and r each ing  are shown as examples. 
Con t ro l l i ng  i tself  is a l s o  best described as a mul t i - l eve l  structure) being 
a subset of the o v e r a l l  mu l t i - l eve l  s t r u o t u r e  of Figure 3 .  C o n t r o l l i n g  and 
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reaching procedures E 3 U l t  i n  output actibns of the human operator via 
response generation hhich refers t o  the peripheral output devices i n  Figure 
2 Correspondingly, the peripheral i n p u t  devices of Fiqure 2 extmct  
task-relevant features from sensory i n p u t  information Th i s  process is 
very closely linked with looking around procedures vkich are a l so  indicated 
i n  Eigure 3. 
MATti MTI CAL HODELLS 
Sensing and Interpreting I n p u t s  
doconsidering the task analysis of car d r i v i n g ,  how does t h e  dr iver  
recognize stop signs, other cars, children) e tc?  Could oner a t  l eas t  i n  
th'eory, develop an alsorithm tifat successfully performs these aspects of 
d r i  v i  rg? 
To pursue t h i s  question, the  l i t e ra ture  of pattern recogni t ion and 
a r t i f i c i a l  intell igence was considered. Fortunately, the l i t e ra ture  i n  
these areas has recently Deen summarized i n  t h e  Systems, Man, and 
Cybernetics fieview [5J, by Sklanaky ["I, and i n  books by k i n s t o n  [8], 191 
for  pattern recognition and a r t i f i c i a l  intelli,:ence respectively. 
Two approaches t o  pattern reaognition have received particular 
attention: s t a t i s t i c a l  methods and syntactical  methods 'ihe statist ical  
IRE! thods use discrimlmnt functions t o  classify pzitterns This  involves 
extracting a set of' feetures from t h e  pattern and  s t a t i s t i c a l l y  determining 
how close t h i s  feature set  is to  t h e  a pr ior i  knom features of candidate 
classes of patterns The class whose features most closely match t h e  
measured features i s  cnosen as the match to  the pat tern of interest ,  with 
of course some consideration given t o  the a pr ior i  probabili t ies of each 
class and t h e  costs of errors. 
The syntactic methods parti t ion each pattern i n t o  subpatterns or 
pattern primitives. I t  is assumed that a Known set of rules  ( a  grammar) is 
used t o  compose primitives into a pattern. une approach t o  reooqnizing 
primitives is t o  use the  s t a t i s t i c a l  approach noted above 
Another aspect of pattern recognitim involves imaee processing. 
here) each picture point (pixel)  is classif ied according t o  gray level. 
Then, thresholds are used t o  se-ment the picture.  blore elaborate 
approaches use multi-dimensional classification of each pixel and then, use 
an appropriate m L l t  i-dimensiona 1 clustering of similar pixels . 
Art i f ic ia l  intell igence researchers have devoted considerable e f f o r t  
to scene analysis. L i t h  emphasis on understanding scenes composed of 
somewhat arbitrary col1sctior.s of blocks, methods have been developed t o  
pick parcicular blocks out of scones, even if the d e s i r e d  block is 
part ia l ly  Mdde n . 
Most of the methods discussed above have worked reasonably well w i t h i n  
limited domains. Lhen the context w i t h i n  which one is working is 
well-understoocl, i t  is often possible t o  successfully sense and interpret  
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inpGts, a l t h o u a  cons ide rab le  computational power may be needed 
k h i l e  the  advent  of inexpensive m i c r o e l e c t r o n i c s  might  allow one t o  
u t i l i z e  large amounts of computational power i n  a model of human s e n s i n g  
and i n t e r p r e t a t i o n  of data, there are b igge r  problems t o  be solved.  
Namely, i t  is d i f f i c u l t  t o  deal w i t h  real is t ic  c o n t e x t s  i n  a s ta t ic  manner4 
khat a human sees depends on what he is looking f o r ,  what he  expects  to  
see, and t h e  c o s t s  of no t  s e e i n g  it. These aspects of s e e i n g  cannot be 
considered o u t  of' con tex t  and without  r e fe rence  t o  t h e  specific i n d i v i d u a l  
involved 
S e v e r a l  i n v e s t i g a t o r s  have considered t h e  issue of how t h e  human 
allocates h i s  a t t e n t i o n  among mult iple  d i sp lays  [lo], Cll], 1123, [131, 
1143, however, these models have only been tested i n  f z i r l y  
we l l - s t ruc tu red  s i t u a t i m s  and thus,  are as  y e t  unproven i n  r e a l i s t i c a l l y  
complex taskst  Further ,  it is by no means obvious that these models w i l l  
ever be able t o  handle look ing  around i n  t h e  s e n s e  it appea r s  i n  t h e  
d r i v i n g  s c e n a r i o  
Thus, a g e n a r a l  mathematical theo ry  of human s e n s i n g  and i n t e r p r e t i n g  
of inpu t s  is far frun a v a i l a b l e ,  especially i f  one would l i k e  t o  prosram 
t h i s  theo ry  t o  d r i v e  a carr On the  other hand, t h e  d i s c i p l i n e s  of  p a t t e r n  
r e c o g n i t i a  and a r t i f ic ia l  i n t e l l i g e n c e  are beginning t o  succeed i n  
specific a p p l i e d  doaains  such as i n d u s t r i a l  i n spec t ion  (151, 1161 and 
medical diagnosis  (173. Perhaps a ooncatenat icn of specific successes  w i l l  
lead t o  new i n s i g h t s  i n t o  t h e  problems of con tex t  and i n d i v i d u a l  
d i f f e r e n c e s  . 
Planning 
Studying t h e  t a s k  a n a l y s i s  of c$r d r iv ing ,  i t  is r e a d i l y  apparent  t h a t  
much of the sub jec t s '  consc ious  a c t i v i t i e s  were devoted to  developing, 
i n i t i a t i n g ,  and monitor ing p l ans ,  Th i s  observat ion agrees w i t h  ana lyses  of 
v e r b a l  p ro toco l s  i n  s e v e r a l  other task domains [ l ] .  I n  fact ,  one might 
expect t h i s  result w i t h i n  any p l rpose fu l  a c t i v i t y  f o r  which there are m a l a  
as y e t  u n f u l f i l l e d  
To d i s c u s s  planning, one first must  emphasize the  d i s  t i n c t i m  between 
t h e  process of developing p l ans  and t h e  p rocess  of execu t ing  p l a n s  C183. 
Within t h i s  section only plan development w i l l  be considered,  while t h e  
fol lowing s e c t i o n  w i l l  d i s c u s s  plan executionb One way t o  illustrate t h e  
d i f f e r e n c e  between these two a c t i v i t i e s  is t o  characterize p l a n  development 
as a problem s o l v i n g  a c t i v i t y ,  while p l a n  execut ion is looked a t  as a 
program execut ion a c t i v i t y  C 13 , 
One develops a p lan  i n  hopes that its execut ion w i l l  a ch ieve  some 
goals. irhile one usua l ly  a c c e p t s  t h e  o v e r a l l  goal as given (e ,g , ,  l a n d  the 
aircraft) ,  t he  p roaess  of developing subgoals  is often lef t  t o  t h e  human. 
'i'he p a r t i t i o n i n g  of g o a l s  i n t o  subgoals and then subgoals i n t o  lesser 
subgoals,  ctc.  reflects a hierarchical mode of planning t h a t  h a s  received 
considerable a t t e n t i o n  191, c201 
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The hierarchical approach allows one t o  develop p l a n s  that are broad 
and sketchy as opposed t o  de ta i led  and conc i se*  Thus, low l e v e l  subgoa l s  
can be temporar i ly  i e o r e d  u n t i l  t h e i r  immediacy demands a t t e n t i o n  
S;imilarly, f u t u r e  a c t i o n s  which r equ i r e  p recond i t ions  that are no t  as y e t  
a s su red  can perhaps be temporar i ly  i m o r e d  i f  one feels that t h e  
environment is hospitable Lo one's g a l s  1203. 
On t h e  o t h e r  hand, low l e v e l  subgoals  m u s t  e v e n t u a l l y  be dealt w i t h .  
Then, a m n c i s e  system dynamics model such as Carbone l l ' s  probably provides  
a reasonable  d e s c r i p t i o n  of human behavior [21]. This mdel assumes that 
the human is d e a l i n g  w i t h  a system describable by q u a n t i t a t i v e  s ta te  
t r a n s i t i o n s  and amenable t o  q u a n t i t a t i v e  a o n t r o l  a c t i o n s  , 
Such low l e v e l  planning is probably unconscious. From t h e  pe r spec t ive  
of a computer analogy, one might say t h a t  h igh  l e v e l  consc ious  p l ann ing  is 
l i k e  execu t ing  a n  i n t e r p r e t e d  program. (An i n t e r p r e t e d  program is one 
where t h e  computer consciously has t o  i n t e r p r e t  t h e  meaning of each 
s t a t emen t  as it is executed.)  On the  other hand, low l e v e l  unconscious 
planning is  similar t o  execu t ing  a compiled program [ l ] .  I n  fact ,  i t  ;night  
be claimed t h a t  lob l e v e l  planning cannot really be  called planning. 
I n s t e a d ,  such a c t i v i t i e s  are only t h e  d e t a i l s  o f  implementation, which are 
o i scussed  later i n  t h i s  paper. 
Planning appears to  inc luue  the  fo l lowing  aspects : 
1. 
2 ,  
3. 
4. 
5 .  
6 ,  
Generation of  a l t e r n a t i v e  plans, 
Imagining of consequences, 
Valuing o f  consequences, 
Choosing and i n i t i a t i n g  plan, 
Monitoring p l an  execu t i cn ,  
Debugging and updating plan, 
where the la t te r  three aspects deal w i t h  observing p l a n  execu t ion  and 
subsequent replanning,  b u t  epf, w i t h  a c t u a l  iaplementat ion 
bow might one model t h e  generat ion of a l t e r n a t i v e  p l ans?  One can look 
a t  a p l a n  as a l inked set o f  subplans C201. Houever, a t  some l e v e l ,  
subplans must be s p e c i f i c ,  in many tasks, the  a l t e r n a t i v e s  are o l e a r l y  
de f ined  a t  the o u t s e t r  On t h e  o t h e r  hand, there are many i n t e r e s t i n g  tasks 
(e.g,, engineer ing des ign )  where t h e  human must  create a l t e m a t i v e a .  I n  
such cases, humans u s u a l l y  first consider  a l t e r n a t i v e s  that have been 
s u c c e s s f u l  i n  previous s i t u a t i o n s  
One might u s e  Newell's pattern-evoked production systems as a mdel of 
hob the human accomplishes this search f o r  a l t e r n a t i v e s  [lie A production 
is a r u l e  c o n s i s t i n g  of a s i t u a t i o n  recogni t ion part that is a list of 
t h i n g s  t o  ,watch for,  and a n  a c t i o n  part that is a list o f  things t o  do. 
(The aord produotion': as it is used here, has a b s o l u t e l y  nothing t o  do 
w i t h  t he  manufacturing connotat ion of the word.) 
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As an a l t e r n a t i v e  t o  p r o d y t i o n  systems, t h e  idea of s c r i p t s  might 
provide a reasaable model, A scr ipt  is a s t ruct ,yre  t h a t  describes 
a p p r o p r i a t e  sequences of even t s  i n  a p a r t i c u l a r  c o n t e x t  
The ideas of production systems and scripts are both related to  t h e  
idea o f  the human having a n  i n t e r n a l  model. However, as the reader w i l l  
8eet it is very d i f f e r e n t  from t h e  type  of model assumed i n  t h e  system 
dynamics domain. wamely, product ions and scripts provide f o r e c a s t s  of 
tYpiOal  consequences rather than models of i n t e r n a l  s ta te  t r a n s i t i o n s .  
1223. 
Sometimes a n a  a l t e r n a t i v e  is  needed and it is very d i f f i c u l t  t o  say 
how a t o t a l l y  new idea is generated. Linking the  idea of a s s o c i a t i v e  
msmory i23j, E241 with t h e  idea of production systems o r  s c r i p t s ,  one can 
c o n j e c t u r e  tha t  n e w  ideas are generated when the c r i t e r i a  f o r  matching t h e  
new subgoal with p a s t  experiences is relaxed and /o r  non-standard features 
of the s i tua t im are emphasized. 
Long-term p lans  that w i l l  no t  be immediately implemented are probably 
ieveloped a t  t h e  highest  l e v e l  i n  t he  goal h i e ra rchy  with only major goals 
ccmsiderede such a p l an  might be a somewhat vague ve rba l  s t a t emen t  or 
perhaps a sketch of a c t i v i t i e s  and r e l a t i o n s h i p s .  It is interes5,ing t o  
speyla te  upon (and perhaps research) what p l a n s  look l i k e  i n  t h e  n i n d ' s  
eye. fior example, are p lans  l i s t - l ike  or are t h e y  more s p a t i a l ,  such as 
karf ie ld  s i n t e r p r e t i v e  s t r u c t u r a l  models 1251 
Short-term p l a n s  that w i l l  r e q u i r e  immediate implementation cannot be 
q u i t e  so sketchy. I n  t h i s  case, the  human has t o  cons ide r  specific 
a c t i o n s .  One would probably be reascnably success fu l  in m d e l i n q  t h i s  t y p e  
of p l a n  u s i n g  production systems i n  t h i s  case, specific features of the 
environment warld au tomat i ca l ly  evoke p a r t i c u l a r  responses .  T h i s  type  of 
behavior f a l l s  into t h e  category of class No. 3 programs as defined i n  t h e  
t ime-sharing computer analogy introduced earlier.  Realistic examples of 
a p p l i c a t i m  of this idea inc lude  aircraft  a t t i t u d e  instrument  f l y i n g  C261 
and a i r  t r a f f i c  c o n t r o l  E271. 
Given a set of cand ida te  p l ans ,  t h e  human must  f o r e c a s t  o r  imagine t h e  
ooneequenoes o f  Implementing each p l a n .  Gne might assume t h a t  the  human 
performs some type  of mental s imulat ion of the p l a n .  For example, t h e  
human might u s e  h i s  c u r r e n t  percept ion of t h e  system dynamics t o  
e x t r a p o l a t e  the system 8 s ta te  as a func t ion  of planned c o n t r a 1  s t m t e g y .  
house has developsil a model t h a t  describes t h i s  t y p e  of behavior. 
Succinctly, t h e  model assumes that t h e  human has both a long-term and 
short-term model of' the system wi th  which he  is d e a l i n g  and, that  he uses  a 
compromise between t h e  two s ta te  p r e a i c t i o n s  obtained fran these models as 
a basis f o r  decisicn making [28].  
however, when p lans  are sketchy, a t  least i n  terms of in t e rmed ia t e  
preconditions,  t h e  human probably does riot a c t u a l l y  o a l c u l a t e  consequences 
b u t  i n s t e a d  simply mps p l a n  f e a t u r e s  t o  p rev ious ly  experienced 
consequences. Then, u n t i l  evidence f o r c e s  him t o  reject t h e  assumption, he 
assumes these previously experienced consequences w i l l  p r e v a i l .  This type 
of behavior is m p r e s e n t e d  q u i t e  n i c e l y  by t h e  scripts concept [223. 
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Imagined consequences are then compared t o  g o a l s  For low l e v e l  
plans,  t h e  comparison might be based on a well-defined c r i t e r i o n  funct ion.  
however, t h i s  is probably not  t h e  case f o r  high l e v e l  p l a n s .  S ince  high 
l e v e l  goals and imagined consequences may be verba l  and rather vague, i t  is 
l i k e l y  t h a t  t h e  humn only tries t o  satisfice rather t h a n  op t imize .  One 
might r e p r e s e n t  t h i s  phenomenon u s i n g  m u l t  i-a ttri bute  u t i l i t y  f u n c t i o n s  
129J t h a t  have broad optima. A l t e r n a t i v e l y ,  concepts  from fuzzy set theory 
c301, ~ 3 1 1  might be used t o  cons ide r  t h e  membership of a set of 
consequences i n  t h e  fuzzy  set of acceptable consequences. The u t i l i t y  
funct ion approach is probably a p p r o p r i a t e  if one assumes tha t  t h e  human has 
a f a i r l y  precise knowledge of  the p o s s i b l e  consequences, and subsequent ly  
values  some mre t h a n  others. On the  o t h e r  hand, t h e  fuzzy set approach 
would seem to  be a p p l i c a b l e  t o  s i t u a t i o n s  where t i e  human s percept ion of 
the consequences is a c t u a l l y  f i zzy .  
The human chooses the most s a t i s f a c t o r y  p l an  and i n i t i a t e s  its 
execut ion.  If' none of the a v a i l a b l e  plans meets an acceptable l e v e l  of 
s a t i s f a c t i o n ,  t h e  human either tries t o  debug t h e  set of p l ans  under 
cons ide ra t ion  or perhaps tries t o  develop new p lans .  Debugging of  
p a r t i a l l y  failed p l a n s  m y  i n i t i a l l y  involve local experimentat ion t o  
determine t h e  cause of p l an  f a i l u r e  rather than  a g l o b a l  r eeva lua t ion  and 
complete replanning C321. One approach to  modeling debugging or 
t rouble-shoot ing of plans is w i t h  fuzzy  set theory f 3 3 1 ,  
Assuming tha t  a p l an  has been i n i t i a t e d ,  t h e  human monitors its 
execution and only becomes involved ( i n  t h e  s e n s e  of planning)  i f  the 
unan t i c ipa t ed  occur s  or  execut ion reaches t h e  p o i n t  t h a t  some phase of the 
plan must  be more concisely oef ined.  Monitoring for  t h e  unexpected might 
be  modeled us ing  production systems t h a t  tr igger when t h e  p recond i t ions  are 
r a  sat isf ied.  Other approaches, based on f i l ter  theory 1343 o r  p a t t e r n  
r e w a n i t i o n  methods f351, are a l s o  a v a i l a b l e  bu t  beyond t h e  scope of the 
d i scuss i cn  nere  
Once t h e  unexpected has been detected, planning might s h i f t  i n t o  the  
above mentioned debugging mode. - On t h e  o t h e r  hand, the  need t o  s h i f t  from 
sicetchy t o  conc i se  planning may involve abandoning, f o r  t h e  moment, the  
broad hierarchical mode and s h i f t i n g  t o  a detai led p a r t i a l l y  pre-programmed 
mode 
How do a l l  these b i t s  and pieces fit i n t o  a n  o v e r a l l  model of 
planning? lrhile i t  does seem t h a t  t h e  h i e r a r c h i c a l  approach t o  planning 
conbined w i t h  t h e  production system and s c r i p t  ideas provide a reasonable  
framework, the s t a t e -o f - the -a r t  c e r t a i n l y  does no t  a l low one t o  cons t ruc t  a 
contoxt-free planning model i n  t h e  form of an execu tab le  computer program. 
This  m y  be a n  inhe ren t  l imitat im i f  one accepts the premise t h a t  much o f  
human behavior is merely a r e f l e c t i o n  of the task environment [l]. I f  t h i s  
premise is t r u e ,  then one should be very c a r e f u l  t h a t  l a b o r a t o r y  
a b s t r a c t i o n s  cap tu re  a s u f f i c i e n t  p o r t i o n  of the real  world environment and 
thereby allow r e s u l t s  to  a a t u a l l y  be t r a n s f e r a b l e .  Otherwise, om is ail!. 
developing a theory of h w n  behavior i n  l a b o r a t o r y  games. 
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As a f i n a l  comment on planning,  a very important  i s s u e  concerns t h e  
l e v e l  a t  which o n e ' s  s tudy  of planning behavior  should be addressed- Uhile 
a n  approach at the  neuron l e v e l  1363 rqay e v e n t u a l l y  lead t o  a s u c c e s s f u l  
model of human planning behavior, such an approach is u n l i k e l y  t o  lead to  
s u c c e s s  i n  t h e  n e a r  f u t u r e .  A l t e rna t ive ly ,  one might  t r y  t o  develop mdels 
tha t  e x p l a i n  or predict whether or n o t  a plan will be success fu l .  However, 
t h i s  t ype  of model' would y i e l d  l i t t l e  information about t h e  planning 
process. It seems tha t  me must approach s t u d i e s  on t h e  conscious planning 
l e v e l  u s i n g  either v e r b a l  p ro toco l s  [ l l ,  (371, (381 o r  a t  least methods 
tha t  r e q u i r e  plans t o  be e x p l i c i t l y  measurable. Then, t h e  v a r i e t y  of 
approaches t o  modeling d i scussed  i n  t h i s  s e c t i o n  can be app l i ed  to  
d e s c r i b i n g  the  planning process. 
IMPLEME3JTING PLANS 
Implementing p l ans  refers to  human a c t i o n ,  mainly c o n t r o l l i n g  and 
r each ing  i n  t h e  a u l t i - l e v e l  s t r u c t u r e  of Figure 3. Two basic approaches 
f o r  mathematically d e s c r i b i n g  these a c t i o n s  can be d i s t i n g u i s h e d  The 
first approach includes t ime-line a n a l y s i s ,  queueing theo ry ,  and s imulat ion 
techniques,  whereas t h e  second inc ludes  t h e  c o n t r o l  t h e o r e t i c  approach i n  a 
more general sense.  
I n  t ime-l ine analyses ,  t h e  execut ion times of a l l  p a r t i c u l a r  t a s k  
elements of a c e r t a i n  multi- task s i t u a t i o n  are assessed as well as t he  
t o t a l  t a s k  time needed 1391, [40], 1411, C421. Available  time margins or  
expected time p res su re  of  the human o p e r a t o r  can be c a l c u l a t e d  i n  o r d e r  t o  
estimate to ta l  task system performance and human ope ra to r  workload. T h i s  
method has been a p p l i e d  t o  e v a l u a t i n g  ?ather complex man-machine systems by 
t a k i n g  these apart  i n  very much d e t d i l ,  sag., t o  t h e  l e v e l  of  reaching 
times for s i n g l e  switches. 
A related b u t  more a n a l y t i c a l  approach is t h e  queueing t h e o r e t i c  one 
L113, [12]J I431, I441, (451, (463, [473. It  is s u i t a b l e  not only f o r  
a n a l y s i s  b u t  a l s o  f o r  design purposes. T h e  d i f f e r e n t  tasks of  G 
mult i - task s i t u a t i o n  are considered as customers i n  a queue wa i t ing  to be 
s e r v i c e d .  Ar r iva l  and s e r v i c e  rates as well as t h e  wa i t ing  time for  t h e  
tasks are characteristic measures. Se rv ice  wi th  a p r i o r i t y  po l i cy  is 
poss ib l e .  Also s e v e r a l  s e r v e r s  (e.q., t h e  human ope ra to r  and a computer) 
may share r e s p o n s i b i l i t y  f o r  t h e  t o t a l  task, 
Both approaches, t ime-l ine a n a l y s i s  and queueing theory,  look a t  t h e  
implementation of  a c t i o n s  i n  terms of time e x p e n d i t u r e .  If the accuracy of 
the a a t i o n s  is a180 t o  be taken i n t o  account,  these methods have t o  be 
combined w i t h  o t h e r s .  Simulation techniques seem t o  be a masonab le  
approaoh where mioro-subroutines simulate dynamically such human ope ra to r  
behaviors  as short-term memory recal l  and movement of hands and feet 1481. 
This  leads back t o  t h e  t ime-sharing computer analogy. A goa l -o r i en ted  
p r i o r i t y  i n t e r r u p t  S t r u c t u r e  for handl ing all t asks  a p p r o p r i a t e l y  i n  a 
multi-task s i t u a t i o n  is most promising. However, t h i s  r e s u l t s  i n  a more 
a r t i f i c l a l - i n t e l l i g e n c e  o r f e n t e d  s imulat ion,  ua ing  h e u r i s t i c s  and data 
handl ing algorithms, rather t h a n  a n  a n a l y t i c a l  d e s c r i p t i o n  . 
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A d i f f e r e n t  approach for t h e  d e s c r i p t i o n  of human a c t i o n s  i n  
man-machine systems app l i e s  c o n t r o l  theory. Models for  cont inuous manual 
ccntrol are well established. Numerous summaries i n  t h e  forms of r e p o r t s  
and books exist  (e.g., [49], [50], [511). Most popular are t h e  
q u a s i - l i n e a r  and t h e  optimal c o n t r o l  models. The q u a s i - l i n e a r  models 
describe t h e  human c o n t r o l  behavior  by some task-specific modif icat ion of a 
gene ra l i zed  t r a n s f e r  func t ion  which is best satisfied i n  t h e  c ros sove r  
frequency region for many c o n t r o l l e d  element dynamics. I n  a d d i t i o n ,  a n  
i n t e r n a l  human n o i s e  sou rce  ( t h e  remnant) summarizes t h e  po r t ion  of the 
human's ou tpu t  which cannot  be explained l i n e a r l y .  
The optimal c o n t r o l  model 1521 i nc ludes  two n o i s e  sou rces  and a l s o  has  
a time delay and a neuranuscular  lag term w i t h  a t ime  cons t an t  similar t o  
tha t  of the q u a s i - l i n e a r  model. A la lman f i l t e r  estimates the  s ta tes  of 
t h e  c o n t r o l l e d  element,  whereas a p r e d i c t o r  compensates f o r  t h e  time delay. 
The optimal g a i n s  are c a l c u l a t e d  w i t h  respect t o  a c r i t e r i o n  func t ion  which 
is a weighted swn of mean squared values  of state and c o n t r o l  v a r i a b l e s .  
The c o n t r o l  t heo ry  models have been aDplied i n  s e v e r a l  domains 
inc lud ing  aircraft p i l o t i n g ,  automobile d r i v i n g ,  s h i p  p i l o t i n u ,  and 
a n t i - a i r c r a f t  ar t i l lery.  Fur the r ,  s e v e r a l  d i s p l a y  design methodoloqies 
have been developed. A r e c e n t  special issue of' Human Fact.org reviews many 
a p p l i c a t i o n s  of c o n t r o l  t heo ry  models 1531. 
With  both t h e  c ros sove r  model and t h e  optimal c o n t r o l  model, a 
s t o c h a s t i c  r e fe rence  i n p u t ,  ei ther f o r c i n g  func t ion  or d i s tu rbance ,  has 
been assumed. Therefore, these models are mostly applicable t o  t h e  i n n e r  
l o o p s  of manual v e h i c l e  guidance and c o n t r o l  t asks .  I n  t h e  case of t he  
optimal c o n t r o l  model, key elements o f  t h i s  have a l s o  been applied t o  
monitoring and decision-making tasks, 
Many realistic tasks e x i s t ,  however, i n  which d e t e r m i n i s t i c  i n p u t s  a r e  
domirrant, Taking t h e  b a i e l i n e  car d r i v i n g  s c e n a r i o  as an example, a more 
complicated deterministic i n p u t  e x i s t s ,  i . e . ,  t h e  course of t h e  street. 
For t h i s  t ask ,  a two-level model has been proposed which has 8 closed-loop 
s t a b i l i z a t i m  c o n t r o l l e r  and a n  a n t i c i p a t o r y  open-loop guidance c o n t r o l l e r  
working i n  parallel 1541, [551. The pe rcep tua l  a s p e o t s  of the a n t i c i p a t i o n  
of changes i n  t h e  course of t h e  street  have been explained.  However, i t  
has been assumed that t h e  d r i v e r  tries to  e l i m i n a t e  a l l  d e v i a t i o n s  from the  
middle  l i n e  of the s tme t ,  
To o v e m m e  t h i s  s i m p l i f i c a t i o n ,  t h e  street might be viewed as a 
t a r g e t  tube i n  which the d r i v e r  is allowed to move h i s  oar. I n t e r e s t i n q l y  
enough, many o t h e r  human c o n t r o l  tasks i n  v e h i c l e  guidance and i n d u s t r i a l  
process c o n t r o l  a l s o  r e q u i r e  o o n t m l l i n g  the  s ta te  of t h e  system w i t h i n  a 
target tube rather than a long  a s i n g l e  r e fe rence  l i n e .  Such a c r i t e r i a  
makes thew tasks  much more relaxed than one o f t e n  assumes i n  man-machine 
systems experiments. 
Reviewing the c o n t r o l  t heo ry  l i t e r a t u r e ,  same applicable methods for 
c o n t r o l l i n g  w i t h i n  a target tube were found. They have neve r  been uaed 
w i t h  man-machine systems problems, One approach 114sum1 a o r i t c r i a  
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funct ion which p u t s  less weight on small e r r o r s  by t a k i n g  t h e  f o u r t h  power 
Of the error i n s t e a d  of the second power as i n  t h e  optimal c o n t r o l  model 
L561* The other approach is ca l l ed  unknoun-but-bounded c o n t r o l  [571 , [583, 
l593. Figure 4 i l l u s t r a t e s  how t h e  c o n t r o l l e r  t r ies  to  keep t h e  state ( X )  
of the system always i n  a n  e f f e c t i v e  target t u b e  t o  assure t h a t  it w i l l  
neve r  cross t h e  boundaries of the o u t e r  tarset t u b e  under a l l  expected 
d i s t u r b a n c e s  
F i g u r e  4: Schematic P r e s e n t a t i o n  of t h e  State of 
C o n t r o l l e r  (C )  t o  Counteract Disturbances 
as Affected by t h e  Action o f  the 
Reachability of a Target Tube 
(from e5731 
The unknwn-bu t-bounded c o n t r o l  approach aombines 
the System ( X )  
(N) f o r  
s ta te  v a r i a b l e  wi th  
set theoretic d e s c r i p t i o n s .  Due t o  t h e  higher mathematical effort, t h i s  
approaoh ha8 in f r equen t ly  been appl ied i n  automatic  a o n t r o l  s i t u a t i o n s .  
However, i% seem worthwhile t o  cons ide r  t h i s  approach i n  modeling 
b i o l o g i c a l  or s o a i o l o g f c a l  systems. Human behavior in general is 
goal-or iented and the g o a l  is very o f t e n  def ined 8s br ing ing  o r  keeping 
some state v a r i a b l e s  w i t h i n  a c e r t a i n  target set or target tube. 
I n  t h e  baae l ine  soenario, t h e  target tube o f  Figure 4 would be t h e  
width of t h e  a tmet  or one of its lanes.  The e f f e c t i v e  target tube  i s  
planned by t h e  d r i v e r  as an area i n s i d e  of which no c o n t r o l  a c t i o n s  are 
necessary (see linear-plus-dead-band c o n t r o l  laws i n  Glover and Schweppe 
[58]). Planning the  e f f e c t i v e  target tube might also include some 
fuzziness. Whether t h e  unknown-but-bounded c o n t r o l  approach can be 
combined w i t h  fuzzy set theory whioh has r e c e n t l y  been appl ied i n  
i n d u a t r i e l  process a o n t r o l  E601 has not  as y e t  been I n v e s t i g a t e d ,  
Another i n t e r e s t i n g  i s s u e  Is the notion of t h e  I n t e r n a l  model which 
has  been considered t o  some e x t e n t  in the discussion of the p lann ing  
procesa. I n  modeling how the  human chooses amonq a l t e r n a t i v e  cour ses  of 
a c t i o n ,  a n  important i s s u e  concerns whether t h e  human possesses a c o r r e c t  
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i n t e r n a l  model of h i s  environment or, whether t h e  model fs i n c o r r e c t  86 i n  
l e a r n i n g  s i t u a t i o n s  or, very approximative as i n  large-scale systems (see, 
e.& (613) The process of b u i l d i n g  up an i n t e r n a l  model dur ing  l e a r n i n g  
and how to  ure it by changing c o n t r o l  laws or  choosing among d i f f e r e n t  
k inds  of c o n t r o l  laws i n  time-varying systems, should be f u r t h e r  
i nves t iga t ed .  The l i t e r a t u r e  on adap t ive  manual c o n t r o l  shows, for 
example, that t h e  models aasume a set of predetermined c o n t r o l  laws matcned 
w i t h  a set of d i f f e r e n t  system dynamics (see e.g. , f623). 
This  leads to  the  idea of a memory for aotor p a t t e r n s .  I n s t e a d  of 
having an input-ou t p u t  t r a n s f e r  behavior,  the human ope ra to r  i n i t i a l i z e 8  
predeterminsd motor p a t t e r n s  i n  many s i t u a t i o n s .  These patterns are 
s l i g h t l y  carrected d u r i n g  the i r  a c t u a l  exeoution (see,e.g. (6311 Good 
examples are walking, b i c y c l e  r i d i n g ,  and piano playinc;, Also, the 
coordinat ion and t iming  of a series of discrete manual c o n t r o l  actions, 
e.g., i n  t rouble-shoot ing tasks or i n  ohooking procedures of aircraft 
pilots or  process o p e r a t o r s t  can be explained by predetermined motor 
pat t e r n s  
DISCUSSION AND CONCLUSIONS 
I n  cons ide r ing  v a r i o u s  approaches t o  t y i n g  a l l  of t h e  d i s c u s s i o n s  in 
t h i s  paper together, t h e  a u t h o r s  found the  diagram i n  fbure 5 t o  be moat 
w e a l .  Th i s  diagram is a v a r i a t i o n  of a diagram d i scussed  by Johsnnsen 
[643 for vehiole  c o n t r o l  task8 and Sheridan c19761 f o r  human c o n t r o l  of 
veh ic l e s  chemical p l an t s  and i n d u s t r i a l  robots .  
~~ _ _ _ _ ~  _ I  _ _  
F i g u r e  5r Hierarchy of Humn Behavior 
152 
This  diagram can be usbd t o  represent well-defined man-machine systems 
t a s k s  such as those disauased by Johannsen 164) and Sheridan 1651 as well 
as leas  well-structured t a s k s ,  For example, goals could mean success in 
l i fe ,  plans oould mean a career outline, subplans could mean a scheme t o  
suoaeed i n  a specifis job, and actions could mean one's dally activit ies.  
Thus, the diagram h a s  broad applicability. 
How oan one analytloally deal w i t h  such a general deserlptton? If one 
looks at control theor* w i t h  a very general perspeative that ina ludes  
control w i t h  respect t o  oontlnuous events as well as discrete events, then 
one can subsume most analytical methods (e.&, l inear systems theory and 
queuelng theory) w i t h i n  the category of aontrol theory. T h i s  
gemralizatiar,  and wtllingness t o  expand t h e  set  of tools one ut i l izes ,  
enables quantitative analysis of a larger portion of the hierarchy of 
behavior. 
However, there are l i m i t s  t o  context-free analytical modeling, First, 
there Is the very important idea that human behavior mainly reflects the 
task envirorumnt. Thus ,  aearohlng for  8 speclffo analytioa1 model of 
general human behavior may only be f r u i t f u l  to the extent that a l l  task 
environments apb common, Perhaps then, 311% ahould firlpt search for 
oowmonality amng environments rather than intrinaic human characteristics. 
I n  other worda, a good model of the demands o f  the environmeat may allow a 
raaonable in i t i a l  prediction o f  huraan parformanae, Thus,  i t  is reaaonable 
to in i t ia l ly  abaume that the human w P l l  adapt t o  the demands of  the task 
and perform aacordingly. 
A seaond limitation t o  analytioal modeling i a  due t o  the human's laak 
of analytioal th ink ing ,  especially a t  upper level8 of t h o  hierarchy, First 
of a l l ,  the human i a  more o f  a setisficar t h m  an optimizer. Thus, ideas 
such a3 a target tube within aontrol t a sks ,  fuzzy set thesry, and ioae 
o ~ c e p t s  frat u t i l i t y  theory deserve more atudy end appliaaticm within 
aran-arachine aysteas. What t h i s  mean8 is t ha t  one ahould look a t  
optimization w i t h  mapsot to  broad or f t s r ia  tha t  allow multiple 
wtiafaotory aohtiens.  An alternative approach to t h i o  iseus f s  t o  
dlaoard optimiaatian, but t h i s  would leave the modoler s t r i p p d  o f  one o f  
h i s  amst important tool8 and without a viable alternative. 
Beyond the idea o f  satiafioing, another important l i m i t a t i o n  t o  
analyticai modeling is that human8 simply d s  not worry about details  u n t i l  
i t  bsooass neceaaary to do so. Thus, planning uan be sketohy, perhaps i n  
the form o f  mrlpts.  Swh skatohy planning o m  mean (I drestia twduothn i n  
mntal  workload and aim, that the human has tha rmouraes belt t a  deal 
w i t h  mom ta8ks BC) well aa the f l e x i b i l i t y  to reeot to  unforeseen avanta. 
Them aharacterietias are pmcriscrly the reasme why homna am often 
included i n  ayatsms. 
Howeverc t h e  sorfpts idea  pruaente B problem. Vhlla evetyone might 
agree that hrunana use 8crlpts to  sxpadita perfomrnae of  mny taaks, 
knwledga of their existence i a  not suff'iaisnt to predict performance. One 
muat k n w  what t h e  script sgmiticcrlly i s .  Thun, In aomplex talks,  om 
mu8t masure not arrly performanse (@.e., RHS error) b u t  also the seript .  
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This  suggests that verbal  prototola (perhaps analyzed by a oomput8r that  
understands na tura l  language) may ba inareasingly important research tools .  
To conclude, this paper has pmsented a fa i r ly  gOmPa1, but  milnly  
whl, model o f  hupan behavior in waplex tasks. The ideas discussed have 
been based on analysis of a 8pecific aanplax t a s k  (car driviw) aa well a8 
a thorou@ review .of the l i t e r a t u r e ,  Three very speaifie ideas have 
emergxf. F i r s t ,  ecmtroi should be looked a t  i n  8 broad sdnse, 
inawpora t lng  a wide range of ana ly t i ca l  methodologies. Seoond, t h e  humen 
jatisficss rather than  optimizes and oriteria should f e f l e o t  t h i s .  Th i rd ,  
hfghcr-level actlvi ties 8UOh a i  planning r e q u i r e  apptmoher that allow 
i n a n p l e t e n e s s ,  and approeohes that a p t u r e  t h e  praaess  of thess a c t l v i t i s a  
and no t  j u s t  the r eau l t s ,  
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PETRI  NETS AS A MODELING TOOL FOR DISCRETE CONCURRENT TASHS 
OF THE HUMAN OPERATOR 
By W. Schumacher ,  G. Geiaer 
F r a u n h o f e r - G e s e l l s c h a f t  e. V . ,  I n s t i t u t  f o r  f n f o r m a t i o n s -  
v e r a r b e i t u n g  i n  T e c h n i k  und B i o l o g i e  ( I I T E > ,  H a r l s r u h e ,  
F. R. o f  Germany 
SUMMARY 
Pe t r i  n e t s  h a v e  b e e n  d e v e l o p e d  a5 a f u n d a m e n t a l  model  of 
t e c h n i c a l  systems w i t h  c o n c u r r e n t  d i sc re t e  e v e n t s .  The m a j o r  u s e  
o f  P e t r i  n e t s  has b e e n  t h e  m o d e l i n g  o f  hardware s y s t e m s  a n d  s o f t -  
ware c o n c e p t s  o f  c o m p u t e r s .  After a v e r y  b r i e f  i n t r o d u c t i o n  t o  
t h e i r  basic c o n c e p t s ,  t h e  u s e  o f  P e t r i  n e t s  is p r o p o s e d  f o r  mo- 
d e l i n g  t h e  human o p e r a t o r  d e a l i n g  w i t h  c o n c u r r e n t  d i s c r e t e  tasks .  
T h e i r  p r o p e r t i e s  u s e f u l  i n  m o d e l i n g  t h e  human ope ra to r  a re  d i s -  
cussed a n d  p rac t i ca l  e x a m p l e s  are  g i v e n .  By means  o f  a n  e x p e r i -  
m e n t a l  i n v e s t i g a t i o n  o f  b i n a r y  c o n c u r r e n t  t a s k s  which  are p r e -  
s e n t e d  i n  a s e r i a l  manner  i t  i s  shown how human b e h a v i o r  may be 
r e p r e s e n t e d  by P e t r i  n e t s .  
INTRODUCTION 
I n  d i f f e r e n t  a p p l i c a t i o n  area8 t h e  human o p e r a t o r ' s  r o l e  i n  
man-machine systems i s  c h a n g i n g  from t h a t  o f  a c o n t i n u o u s  con-  
t r o l l e r  t o  t h a t  o f  a m o n i t o r .  T h i s  c h a n g e  is h a p p e n i n g  i n  con-  
t r o l  rooms o f  i n d u s t r i a l  p l a n t s  a n d  i n  a i r c r a f t  p i l o t i n g ,  where 
d i s p a t c h i n g  of c o n c u r r e n t  demands becomes  a n  e s s e n t i a l  f e a t u r e  
o f  t h e  human o p e r a t o r ' s  task.  F u r t h e r m o r e  t h e  m u l t i p l e  t a s k  s i t u -  
a t i o n  i s  a l s o  g i v e n  i n  a u t o m o b i l e  d r i v i n g ,  E s p e c i a l l y  i n  h i g h  
d e n s i t y  t r a f f i c  s i t u a t i o n s  t h e  driver has t o  d e a l  w i t h  many con-  
c u r r e n t  demands o r i g i n a t i n g  f rom Ti ther  r o a d  u s e r a ,  f rom t r a f f i c  
r e g u l a t i o n ,  a n d  f rom h i s  own v e h i c l e .  
I n  g e n e r a l ,  c o n c u r r e n t  t asks  are  imposed o n  t h e  humen o p e r a -  
t o r  by d i s p l a y s  or by rea l  e v e n t s ,  t h e i r  s e r v i c e  r e q u i r e s  a res- 
p o n s e  f rom t h e  human o p e r a t o r  which  i e  spec i f ied  by t h e  task .  
There a re  c a n t i n u o u s  demands l i k e  t h e  c o n t r o l  e r ro r  o f  a c o n -  
t i n u o u s  c o n t r o l  l o o p  or t h e r e  a re  d i sc re t e  e v e n t s ,  wh ich  r e q u i r e  
c o n t i n u o u s  or discre te  a c t i o n s  r e s p e c t i v e l y ,  These demands com- 
p e t e  f o r  t h e  human o p e r a t o r ' s  a t t e n t i o n ,  i f  t h e y  a r r i v e  i n  s u c h  
a n  i n t e n s i t y ,  t h a t  t h e  human o p e r a t o r ' s  c apac i ty  is  a t  l e a s t  tem- 
p o r a r i l y  e x c e e d e d .  I n  t h i s  case demands wh ich  c a n n o t  b e d i s p a t c h e d  
i m m e d i a t e l y  h a v e  t o  b e  s t o r e d  i n  h i s  memory, o t h e r w i s e t h e y  a r e l o e t .  
. I  
F o r  t h e  d e s i g n  of s u c h  man-machine systems, i. e. of  t h e i r  
dynamic  p r o p e r t i e s ,  d i s p l a y s ,  a n d  c o n t r o l s ,  t h e  human s t r a t e g i e s  
i n  d i s p a t c h i n g  c o n c u r r e n t  demands h a v e  t o  b e  d e s c r i b e d  by means 
o f  e x p e r i m e n t a l  i n v e s t i g a t i o n s  and  r e s u l t i n g  q u a n t i t a t i v e  models. 
N o t i o n s  o f  q u e u e i n g  t h e o r y  a re  a u i t a b l e  f o r  t h e  f o r m u l a t i o n  o f  
t h i s  t a sk  o f  t h e  human o p e r a t o r  ( re fs .  1,  2 ,  3 1 ,  however  i n s t e a d  
o f  a n a l y t i c a l  s o l u t i o n s  human b e h a v i o r  is o f t e n  s t u d i e d  by s imu-  
l a t i o n .  
I n  t h i s  paper  P e t r i  n e t s  a re  d i s c u s s e d  a s  a m o d e l i n g  t o o l  
f o r  t h e  human o p e r a t o r  d e a l i n g  w i t h  c o n c u r r e n t  demands.  As a 
p r a c t i c a l  example  t h e  a p p l i c a t i o n  of  P e t r i  n e t s  f o r  m o d e l i n g  
human s t r a t e g i e s  is shown. These s t r a t e g i e s  h a v e  b e e n  e v a l u a t e d  
by  means  o f  a n  e x p e r i m e n t a l  i n v e s t i g a t i o n  o f  b i n a r y  c o n c u r r e n t  
t a s k s  d i s p l a y e d  i n  a s e r i a l  manner .  
PETRI  NETS 
I n  t h e  f o l l o w i n g  a b r i e f  i n t r o d u c t i o n  t o  t h e  P e t r i  n e t  is 
g i v e n ;  a more d e t a i l e d  p r e s e n t a t i o n  i s  c o n t a i n e d  i n  r e f .  4. 
A P e t r i  n e t  i s  a n  a b s t r a c t ,  f o r m a l  model o f  t h e  i n f o r m a t i o n  
f l o w  i n  systems w i t h  d i s c r e t e  s e q u e n t i a l  or p a r a l l e l  e v e n t s .  I t s  
p i c t o r i a l  r e p r e s e n t a t i o n  i s  a d i r e c t e d  g r a p h ,  f o r  w h i c h  a n  
example  i s  shown i n  F i g .  1. T h e  g r a p h  c o n s i s t s  o f  two t y p e s  o f  
n o d e s :  p laces  pi ( r e p r e s e n t e d  by c i r c l e s )  and  t r a n s i t i o n s  
( r e p r e s e n t e d  by b a r s ) .  These n o d e s  a re  c o n n e c t e d  by d i rec ted  
a rc s  from places t o  t r a n s i t i o n s  and  f r o m  t r a n s i t i o n s  t o  p l a c e s .  
f f  a n  a r c  i s  d i rec ted  f rom node  i t o  node j, t h e n  i is a n  i n p u t  
t o  j ,  a n d  j i s  a n  o u t p u t  o f  i. I n  F ig .  I, e, g., place p is a n  
i n p u t  t o  t r a n s i t i o n  t 2 ,  w h i l e  p laces  p 3  a n d  p4 are o u t p d s  o f  
t r a n a i t i o n  t3. The n o d e s  a n d  a r c s  descr ibe  t h e  s t a t i c  p r o p e r t i e s  
o f  a P e t r i  n e t ,  i t s  dynamic  cha rac t e r i s t i c s  are r e p r e s e n t e d  by 
t h e  movement of  t o k e n s  ( r e p r e s e n t e d  by b l a c k  d o t s  w i t h i n  t h e  
p l a c e s ) .  The d i s t r i b u t i o n  o f  t o k e n s  i n  a P e t r i  n e t  d e f i n e s  t h e  
s t a t e  o f  t h e  n e t  and  i s  c a l l e d  m a r k i n g  M. For each m a r k i n g  P a 
new m a r k i n g  tJ' is d e f i n e d  by  t h e  f o l l o w i n g  rules: 
t J  
1. A t r a n s i t i o n  i s  c a l l e d  e n a b l e d ,  if  each of  i ts  i n p u t  p laces  
h a s  a t  l e a s t  o n e  t o k e n  i n  i t  ( e .  g o  t r a n s i t i o n  t 2  i n  F i g ,  1 is  
e n a b l e d )  . 
2. Each t r a n s i t i o n  w h i c h  i s  e n a b l e d  may. f i r e .  
3. A t r a n s i t i o n  f i r e s  by r emov ing  oIte token f rom sach o f  i ts  i n -  
p u t  p l a c e s  and  b y  a d d i n g  o n e  t o k e n  t a  each o f  i t s  o u t p u t  
p laces  ( e ,  g. i n  f i g .  1, f i r i n g  o f  t r a n e i t i o n  t 2  r e s u l t s  i n  
two t o k e n s  i n  p l ace  pl, zero t a k e n  i n  p 4 ,  e n d  o n e  t o k e n  i n  
p l a c e  p2) .  
162 
The f o r m a l  d e s c r i p t i o n  o f  a P e t r i  n e t  is de f ined  as a 
f o u r - t u p e l  o f  s e t s  
C = (P,  T, I ,  0 )  , 
w i t h  P as a s e t  o f  p l a c e s ,  T as  a s e t  o f  t r a n s i t i o n s ,  I as t h e  
i n p u t  f u n c t i o n ,  and 0 as t h e  o u t p u t  f u n c t i o n .  The i n p u t  f u n c t i o n  
I de f ines  f o r  each t r a n s i t i o n  t 
example shown i n  Fig, 1 t h e r e  a r e  t h e  f o l . l o w i n g  s e t s  
t h e  s e t  o f  i n p u t  p l a c e s  I ( t j ) .  
The o u t p u t  f u n c t i o n  O ( t j )  i s  de 4 i n e d  co r respond ing ly .  For t h e  
The v e c t o r  P = (P,, I+, ..., Pn) g i ves ,  f o r  each o f  t h e  n 
p l a c e s  i n  t h e  n e t ,  t h e  number o f  tokens  i n  t h a t  p lace.  A P e t r i  
n e t  C = (P, T, I, 0 )  w i t h  t h e  mark ing  tJ becornea t h e  marked P e t r i  
n e t  C* = (P, T, I, 0, P I .  
An i m p o r t a n t  t o o l  f o r  a n a l y s i s  o f  systems mode l led  by a 
P e t r i  n e t  i s  t h e  r e a c h a b i l i t y  t r e e .  I t  c o n s i s t s  o f  a t ree ,  whose 
nodes r e p r e s e n t  markings o f  t h e  P e t r i  n e t ,  and whose 8rc8 r e p r e -  
sen t  t h e  t r e n s i t i o n s  which a r e  enabled. The P e t r i  n e t  shown i n  
F ig .  1 has t h e  f o l l o w i n g  degenerated r e a c h a b i l i t y  t r e e :  
( 3 ,  0, 0, 1) 
( 2 ,  1, 0 ,  0 )  
(2,  0, 1, 1). 
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PROPERTIES OF PETRI NETS WITH REGARD TO THE DESCRIPTION OF 
THE HUMAN OPERATOR 
I n  t h e  f o l l o w i n g  t h e  p r o p e r t i e s  of P e t r i  n e t 8  are summar ized  
w i t h  r e g a r d  t o  t h e  d e s c r i p t i o n  of t h e  human o p e r a t o r  d e a l i n g  w i t h  
d iecrete  c o n c u r r e n t  demands  (Table 1). 
- D e s c r i p t i o n  o f  s e q u e n t i a l  a n d  p a r a l l e l  p s o c e s s e a  
- D e s c r i p t i o n  o f  i n t e r a c t i o n 8  b e t w e e n  p a r a l l e l  p r o c a e s e s  
- I n t e r p r e t e d  a n d  u n i n t e r p r e t e d  m o d e l i n g  
- Hierarchical  m o d e l i n g  
- D e s c r i p t i o n  o f  t e m p o r a l  o r d e r  
- D e s c r i p t i o n  o f  d e t e r m i n i s t i c  a n d  s t o c h a s t i c  p r o c e s s e s  
- M o d e l i n g  of  p r i o r i t y  system8 
- F o r m a l  and  g r a p h i c  d e s c r i p t i o n  
Table 1: P r o p e r t i e a  o f  P e t r i  Nets w i t h  r ega rd  t o  t h e  M o d e l i n g  o f  
t h e  Human O p e r a t o r  
P e t r i  n e t s  are a u i t a b l e  f o r  t h e  d e s c r i p t i o n  o f  s e q u e n t i a l  
and  p a r a l l e l  c o n c u r r e n t  demands  o f  t h e  human o p e r a t o r  a s  well. A 
n e t  h a v i n g  o n l y  one t o k e n  a t  t h e  same time is d e s c r i b i n g  a se- 
q u e n t i a l  p r o c e a s .  The p o s i t i o n  o f  t h e  t o k e n  r e p r e s e n t 8  t h e  s t a t e  
o f  t h e  ' e o q u e n c e  c o n t r o l  r e g i s t e r '  o f  t h e  process .  The g r a p h i c  
r e p r e b u n t a t i o n  o f  s u c h  a n e t  c o n t a i n i n g  o n l y  t r a n s i t i o n s  w i t h  
o n e  i n p u t  and  o n e  o u t p u t  c o r r e s p o n d s  t o  t h e  u s u a l  flaw-chart. 
F i g ,  2 ahows as a n  e x a m p l e  t h e  o b s e r v a t i o n  o f  a t r a f f i c  l i g h t  
r e p r e s e n t a d  by a f l o w - c h a r t  a n d  by a P e t r i  n e t .  
R rlet h a v i n g  more t h a n  o n e  t o k e n  a t  any  time descr ibes  a 
n a n - s e q u e n t i a l  p r o c e s s .  Several t o k e n s  may r e s u l t  f r o m  a t r a n e i -  
t i a n  w i t h  s e v e r a l  o u t p u t  p laces  o r  t h e y  a re  a n  i n i t i a l  m a r k i n g .  
F i g .  1 shows a P e t r i  n e t  w i t h  a n  i n i t i a l  m a r k i n g  o f  four  t o k e n s .  
Therefpre  i t  d e s c r i b e s  a system o f  p a r t i a l l y  p a r a l l e l  a c t i v i t i e s ,  
It may ~a i n t e r p r e t e d  as  a g e n e r a l  model  o f  t h e  d i s p a t c h i n g  o f  
? o n c u r r e n t  demands ,  p r e s e n t e d  i n a s e r i a l  manner  t o  t h e  humen o p e -  
r a t o r ,  C o n c u r r e n c y  is g i v e n  by t h e  f a c t ,  t h a t  d u r i n g  t h e  s e r v i c e  
o f  o n e  demand o t h e r  demands  a r e  w a i t i n g  or a r r i v i n g .  Then  places 
p 1  t o  p4 o f  F i g ,  1 h a v e  t h e  f o l l o u i n g  i n t e r p r e t a t i o n s :  
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p,: number of  demands w a i t i n g  f o r  s e r v i c e  ( r e p r e s e n t e d  by t h e  c o r r e s p o n d i n g  number o f  t o k e n s ) ,  
pz: 
p3: 
p4: 
The d e s c r i p t i o n o f  p a r a l l e l a c t i v i t i e s  by P e t r i  n e t s c a n  be 
a p p l i e d  t o  t h e  m o d e l i n g  o$ i n t e r a c t i o n s  b e t w e e n  d i f f e r e n t  s t a g e s  
o f  human i n f o r m a t i b n  p ; . o c e s s f n g  a n d  b e t w e e n  t h e  tasks  o f  s e v e r a l  
o p e r a t o r s  a s  well. FIL. 3 ehowe a 5  a n  e x a m p l e  t h e  c r o s s i n g  o f  
two a u t o m o b i l e  d r i v b r r -  c w e  two c o n f l i c t i n g  t r a n s i t i o n s  w i t h o u t  
i n d i c a t i o n  o f  p r i o r i t y  r . x ! s t .  Mode l ing  o f  p r i o r i t y  systems is  
c o n s i d e r e d  l a t e r  on. 
o n e  demand i s  b e i n g  s e r v e d ,  
o n e  demand h a s  b e e n  s e r v e d ,  
t h e  human o p e r a t o r  i s  re .sdy f o r  t h e  n e x t  s e r v i c e .  
The  i n t e r p r e t a t i o n  o f  t h e  P e t r i  n e t  shown i n  Fig. 1 may be 
s p e c i f i e d  w i t h  r e g a r d  t o  p rac t i ca l  a p p l i c a t i o n s .  E. g. t h e  de- 
mands may r e p r e s e n t  t r a f f i c  s i g n a  which  h a v e  t o  be o b s e r v e d  by 
t h e  d r i v e r  or t h e y  are  alarms o f  a n  i n d u s t r i a l  p l a n t  p r e s e n t e d  
on d i s p l a y s  i n  t h e  c o n t r o l  room. On t h e  o t h e r  hand  P e t r i  n e t s  
e x i s t  a s  u n i n t e r p r e t e d  m o d e l s  o f  w h i c h  t h e  abfitract p r o p e r t i e s  
may be i n v e s t i g a t e d .  
model  a system h i e r a r c h i c a l l y .  T h i s  means t h a t  pa r t s  of t h e  human 
i n f o r m a t i o n  p r o c e s s i n g  may be r e p r e s e n t e d  by a s i n g l e  place or 
t r a n s i t i o n  i n  order t o  h a v e  a more a b s t r a c t  model .  C o n v e r s e l y  
place8 a n d  t r a n s i t i o n s  may be s p e c i f i e d  b y  s u b n e t s  i n  o r d e r  t o  
g e t  I more d e t a i l e d  d e s c r i p t i o n .  The  e x a m p l e  o f  F i g .  I is  a n  
e x t r e m s l y  a b s t r a c t  model  o f  t h e  human o p e r a t o r ,  wh ich  w i l l  b e  
s p e c i f i e d  by  meane o f  e x p e r i m e n t a l  r e s u l t 8  i n  chapter  4. 
A n o t h e r  v a l u a b l e  fea ture  of' P e t r i  n e t s  is t h e i r  a b i l i t y  t o  
P e t r i  n e t s  descr ibe t h e  p o s s i b l e  s e q u e n c e s  o f  e v e n t s ,  t h e y  
do n o t  r e f l e c t  t h e  v a r i a b l e  a m o u n t s  of  time requ i r ed  by t h e  
d i f f e r e n t  e v e n t s .  6 e c a u s e  a f  t h i s  p r o p e r t y  P e t r i  n e t s  g i v e  na 
i n f o r m a t i o n  a b o u t  t h e  d u r a t i o n  o f  i n f o r m a t i o n  p r o c e s s i n g  o f  t h e  
human o p e r a t o r .  
Pe t r i  n e t a  are s u i t a b l e  f a r  t h e  m o d e l i n g  of  d e t e r m i n i s t i c  
and  o f  s t o c h a a t i c  s e q u e n c e s  o f  e v e n t s .  D e t e r m i n i s t i c  sequcncas 
e v e r  h a v e  o n e  t r a n s i t i o n  b e i n g  e n a b l e d ,  w h i l e  s t o c h a s t i c  s e q u e n -  
ces lead t o  s i t u a t i o n s  i n  which  more t h a n  o n e  t r a n s i t i o n  i s  
e n a b l e d .  The c h o i c e  of t h e  n e x t  t r a n s i t i o n  t o  be f i r e d  o c c u r s  
randomly .  F!.g. 4 shows two t y p e s  of  s t o c h a s t i c  f i r i n g  o f  t r a n -  
s i t i o n s .  C o n c u r r e n t  t r a n e i t i o n s  may f i r e  i n  e i t h e r  o r d e r  whereas 
i n  c o n f l i c t i n g  t r a n s i t i o n s  t h e  f i r i n g  o f  o n e  w i l l  d i s a b l e  t h e  
r ~ t h e r .  
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I n  o r d e r  t o  model  p r i o r i t y  s y s t e m s  P e t r i  n e t s  were e x t e n d e d  
by i n h i b i t i o n  a r c s  r e p r e s e n t e d  by a n  a r c  w i t h  a small  c i r c l e  i n -  
s tead  of a n  a r r o w h e a d ,  An i n h i b i t i o n  a r c  f r o m  place p i  t o  t r a n s i -  
t i o n  t 
d r i v e r s  ( compare  F i g .  3 )  w i t h  p r i o r i t y  o f  d r i v e r  1, d e s c r i b e d  by 
a n  i n h i b i t i o n  arc'. 
e n a b l e s  t h e  t r a n s i t i o n  o n l y  t o  f i r e  i f  t h e  place p i  has  
ze ro  t d k e n  i n  it. F i g .  5 shows as a n  example  t h e  c r o a s i n g  o f  two 
F u r t h e r m o r e  Pe t r i  n e t s  may b e  d e s c r i b e d  i n  a formal as well 
as i n  a g r a p h i c  manner .  E s p e c i a l l y  t h e  g r a p h i c  r e p r e s e n t a t i o n  
seems t o  be  a u s e f u l  t o o l  i n  d e s c r i b i n g  complex  i n f o r m a t i o n  p r o -  
c e s s i n g  o f  t h e  human o p e r a t o r .  
M O D E L I N G  OF HUMAN STRATEGIES I N  DISPATCHING CONCURRENT 
DEMANDS EY PETRI NETS 
E x p e r i m e n t a l  Se t -up  
I n  order  t o  i n v e s t i g a t e  t h e  human b e h a v i o r  i n  d i s p a t c h i n g  
c o n c u r r e n t  demands a s i m u l a t o r  f o r  t h e  g e n e r a t i a n  o f  t h e  demands 
a n d  f o r  t h e i r  s e r v i c e  has  b e e n  e s t a b l i s h e d .  F i g .  6 ehows t h e  
b l o c k  d i a g r a m  o f  t h e  e x p e r i m e n t a l s e t - u p ,  There a re  8 streams o f  
b i n a r y  demands  p r e s e n t e d  by t h e  numbers  1 t o  8 o n  a cammon nume- 
r i c  d i s p l a y  t o  t h e  o p e r a t o r .  The a r r i v a l  p a t t e r n  o f  each stream 
i s  g i v e n  by t h e  P o i s s o n  d i s t r i b u t i o n .  The s e r v i c e  o f  each de- 
mand c o n s i s t e  i n  p r e s s i n g  a c o r r e s p o n d i n g  p u s h - b u t t o n  d u r i n g  8 
f i x e d  lapse  of  time which  i a  i n d i c a t e d  by a s e r v i c e  time lamp. 
The t r a f f i c  i n t e n s i t y  P ,  i. e. the  r a t i o  o f  t h e  s e r v i c e  time and 
t h e  mean i n t e r a r r i v a l  time o f  t h e  demands ,  v a r i e d  i n  t h e  r a n g e  
0.8 2 P 1.6. The s e r v i c e  o f  t h e  demands h a d  t o  be done  i n  t h e  
o r d e r  of  a r r i v a l .  The e x p e r i m e n t a l  s e s s i o n s  c a n a i a t s d  o f  f i v e  
t r i a l s  o f  200 E d u r a t i o n  each. Af te r  each t r i a l  t h e  t r a f f i c  
i n t e n s i t y  was i n c r e a s e d  by a n  amount o f  0.2, b e g i n n i n g  w i t h  t h e  
v s l u e  o f  P - 0.8. F o r  P 3 1 t h e  human a p e r a t o r  i s  u n a b l e  t o  dea l  
w;l.th t h e  demands a8 fas t  as t h e y  a r r i v e .  C o n s e q u e n t l y  t h e  demands  
h a v e  t o  q u e u e  u p  i n  t h e  a p e r a t o r ' s  s h o r t  term rrlemory. B e c a u s e  o f  
i ts  l i m i t e d  capacity demands m a y b e l o s t .  By r e c o r d i n g  t h e  s e r v i c e  
a c t i v i t i e s  of t h e  s u b j e c t s  t h e  s t r a t e g i e s  i n  d e a l i n g  w i t h  c a n -  
c u r r e n t  demands c o u l d  be e v a l u a t e d .  
I n  t h e  f o l l o w i n g  t h e  r e s u l t s  from one e x p e r i m e n t  are pre- 
e e n t e d ,  f u r t h e r  i n v e s t i g a t i o n 8  w i t h  t h i s  e x p e r i m e n t a l  s e t - u p  are  
descr ibed  i n  re f .  5. 
E x p e r i m e n t a l  R e s u l t s  
I n  ordei; t o  a n a l y s e  t h e  human s t r a t e g i e s  t h e  c o n t e n t s  o f  
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t he  memory were evaluated; i t  is calLsd weiting-room diagram, 
Fig.  7 ehowa a t y p i c a l  wait ing-foom diagram, where t h e  number of 
demands i n  waiting-room 1, i. e, t h e  l e n g t h  o f  t h e  queue, i s  
p l o t t e d  as a f u n c t i o n  o f  time. A t  t h e  a r r i v a l  o f  a demand t h e  
l e n g t h  o f  t h e  queue increases by one, e t  t h e  beginning o f  B ser- 
v i c e  t h e  p l o t  decrease8 by one, The upper p l a t  shows the  i d e a l  
waiting-room diagrem, which is b 8 m d  on the  assumption t h a t  
t he re  is  an i n f i n i t e  waiting-room, f i l l  a r r i v i n g  demands are wei- 
t i n g  f o r  eervice,  no demand fs l oe t ,  The lower p l o t  shows t h e  
minimal waiting-room diagram, w i th  t h e  assumption t h a t  l u s t  de- 
mands d i d  never en te r  the waiting-room, Oemends which are n o t  
served are marked by a nN'c. By aaking t h e  sub jec ts  t o  communicate 
the  cantents  of t h e i r  memory a t  c e r t a i n  t ime i n s t a n t e ,  i t  could 
be shown t h a t  t he  real waiting-room diagram correaponds l a r g e l y  
t o  the  minimal wsiting-room diagram. 
By the snalye ie o f  t h e  w a i t i n g - r a m  diagram and 8UppOrted 
by statements o f  the sub jec ts  two s t r a t e g i e s  for t h e  service OF 
t h e  concurrent demands can be apeci f ied:  
- Wsiting-room with permenent accees 
The demands e n t e r  i n t o  the  waiting-room and queue up u n t i l  a 
maximum leng th  of  t h e  queue (1, Iv 3)  i s  reached. Then i f  one 
demand i s  aerved another may en ter ,  
- Waiting-roam w i th  i n t e r m i t t e n t  access 
The demands en te r  t h e  waiting-roam 8fld queue up, By c e r t a i n  
t r i g g e r i n g  events a l l  a r r i v i n g  demands are r e j e c t e d  u n t i l  t h e  
l e n g t h  of the queue i s  reduced t o  a l o w  velue. T r i g g e r i n g  events 
are t h e  reaching o f  8 maximum leng th  o f  t he  queue or t h e  arri- 
v a l  of  severe l  demands w i th  short  i n t e r a r r i v a l  times. I n  t h i s  
case the meximum l e n g t h  o f  t h e  queue is h i g h e r  (I, cy 5 )  than 
w i th  the  s t ra tegy  of  permanent ~ ~ ~ 8 8 8 .  
The dsacribed e t r a t e g h s  @re extreme farms of behavior, i n  
r e a l i t y  they occur in art spproximata end mixed form, The strate- 
gy w i t h  i n t e r m i t t e n t  acce8e can be observed mare o f t e n  ( f e c t o r  
1.5) than t h e  straCagy w i th  permanent ~CCBBFI.  Fig .  7 shawe t h e  
waiting-room diagram i n  t h e  c89e o f  i n t e r m i t t e n t  ~ ~ ~ 8 8 8 .  Thia 
s t ra tegy  i s  lea8 e f f i c i e n t ,  because with permanent access the re  
i s  o h igher  u t i l i z a t i o n  of the waiting-room, 0 .  e. the mean 
l eng th  o f  the queue i s  increaeed. 
Modeling of' t h e  Human Gtrategiea by P e t r i  N e t 8  
The humen opesator 's a c t i v i t i e s  i n  dea l i ng  w i t h  concurrent 
taaks ere t h e  i n p u t  o f  informat ion,  t h e  atorage of' i n f o r m a t i o n  in 
h i s  memory (waiting-room), and t h e  se rv i ce  of' demands by reac- 
t ions.  Fig. 8 showa t h e  P e t r i  net  o f  the a t re tegy  w i t h  permanent 
access d i v i d e d  i n t o  these three parta. For s i m p l i c i t y  the waiting- 
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room is assumbd t u  have  a L p a c i t y  o f  th ree  demands. 
Complementary places are  labe l led  by p and p ' .  f o r  example  
t h e  i n t e r p r e t a t i o n  o f  place p2 i a  " i n f o r m a t i o n  i n p u t  is i d l e "  s n d  
o f  place p p '  W i n f o r m a t i o n  i n p u t  i e  busy", A t  t h e  a r r i v a b  o f  a de- 
mand i t  dependa  an. t h e  a t a t e  o f  t h e  i n f o r m a t i o n  i n p u t  whether 
t h e  demand 5s l a s t  (place p @ marked) o r  n o t ( p l a c e  p2 marked). I n  
t h e  l a t t e r  case t r a n s i t f u n  f ,  i e  f i r e d  and t h e  demand is s t o r e d  
i n  t h a t  p o s i t i o n  o f  t h e  u a i t i n g - r o o m  (p4  ... p 6 ) ,  which is free 
and has  t h e  lowest number, By t h e  e p t r a n c e  o f  t h e  demand i n t o  
t h r  wa i t ing - room ( f i r i n g  o f  t r a n s i t i o n  t 4 ,  t 5  o r  t 6 )  t h e  i n f o r -  
m a t i o n  i n p u t  is reaet by  f i r i n g  t r a n s i t i o n  til. Demcrnde a r r i v i n g  
when t h e  i n p u t  is busy are l o s t  by f i r i n g  of t r a n s i t i o n  t2. A leo  
if' the  we i t ing - room is c o m p l e t e l y  o c c u p i e d ,  i .  e. t h e  place $I6 is 
marked, t h e  a r r i v i n g  demand i e  rejected and  l o s t  by f i r i n g  aP 
t r a n s i t i o n  t g .  
I f  t h e  wa i t ing - room is: empty, t h e  a r r i v i n g  dnmend i a  s t o r e d  
i n  t h e  f i rs t  place OF %he wai t ing - room (mark ing  of 04'). Lf t h e  
s e r v i c e  mechanism is i d l e  (place p masked), t h a n  t h e  s e r v i c e  o f  
t h i s  demand may be carried o u t  by a i r i n g  o f  t r a n s i t i o n  t 7  and by 
s e t t i n g  f r e e  t h e  wa i t ing - roam place. I f  t he re  are furtlier demands 
i n  t h e  wa i t ing - room t h e y  advance ana step by means o f  t h e  t r a n -  
s i t i o n s  t g  8nd tg .  
Fig, 9 ahows t h e  Petri  n e t  o f  t h e  strategy with i n t e r m i t t p n t  
acces8. Compared wi th  permanan% access there  are m o d i f i c a t i o n s  
e s p e c i a l l y  i n  the i n p u t  p e r t  o f  t h e  madLi,  The s t a t e s  a f  t h e  
places p 1 2 ~ n d  pq2@ d e t e r m i n e  whe the r  a r r i v i n g  demand8 are ra- 
Jected o r  not .  The r e j e c t i o n  s t a t e  ( ~ 9 2 '  is marked) is t r i g g e r e d  
if t h e  wa i t inq - room is completely occupied, i, e. p p l  i s  marked. 
Then a l l  demscds a m  rejected and l o s t  u n t i l  the W B  t i ng - roam i a  
empty and t h e  t r a n s i t i o n  t l  i 8  f i r ed .  Then a r r i v i n g  demands 
a g a i n  have  access t o  t h e  wef t ing -mom.  
d i g i t a l  compute r ,  S i m u l a t i o n  data showed close agreemen t  w i t h  
e x p e r i m e n t a l  r e s u l t s .  The d e s c r i p t i o n  o f  t h e  human a t r a t e g i e s  by 
mean8 of P e t r i  nets t u r n e d  o u t  t o  be a v a l u a b l e  t o o l  for t h e  ann. 
l y s i s  o f  human information pr ;cesa ing ,  
The stretegiea dawor ibed  have  been s i m u l h t e d  by m m n s  OF a 
This repor t  w8e s u p p o r t e d  by t h o  Gsrmsn Federal  M i n i s t r y  o f  
Defense , 
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SUMMARY 
The objective of this paper is to demonstrate the originality of our approach with 
regards to already existing pilot models and to present recently obtained results. 
We consider the pilot's behavior as a discrete-time process where the decision making 
has a sequential nature. This model contrasts very clearly with previous approaches namely 
the quasi-linear model which follcws from classical control theory and the optimal control 
model which considers the human operator as a Kalman estimator-predictor. We also consi- 
ckr that the pilot's objective may not be adequately formulated as a quadratic ccst func- 
tional to be flinimized, but rather as a more fuzzy measure of the closehess with which 
the aircraft follows a reference trajectory. 
All model parameters, in the digital program simulating the pilot's behavior, have been 
successfully compared in terms of standard-deviation and performance with those of pro- 
fessionnal pilots in IFR configuration. The first practical application of our pilot model has 
been the study of its performance degradation when the aircraft model static margin 
decreases. 
1. INTRODUCTION 
Research on human operator models and especially on models of spacecraft, aircraft 
and helicopter operators has often been influenced by the current stateof-theart. Before 
further investigation, the human operator appears as highly adaptative, versatile, complex 
and sufficiently creative so that we can always recognize in the diversity of al l  strategies 
he may use, one we know well and want to find. 
The first approach to the problem was from the control specialiszs of the 195Os, 
attempting, at the beginning age of servomechanisms, to apply their basic tool, namely the 
linear transfer function of a phase lead regulator (ref. 1). These studies relied heavily on 
simulation techniques using analog compters, 
One of the most-commonly accepted representations is the quasi-linear model of 
McRuer (ref. 2, 3, 4) so named because it represents the human operator by a linear trans- 
fer functic,i, plus a remnant to describe that part of the human response that is not pre 
dicted by the linear approximation. The transfer function is essentially the result of an 
approximation to the first harmonic and the remnant accounts for higher-order effects and 
for other modeling errors. The most celebrated result from the abowe study is probably 
the "cross over model" which is based on the fact that the human operator adjusts the 
parameters of his own transfer function su that his open-loop response satisfies the closed- 
loop stability conditions with a reasonable error. 
At the same time sampled-data models have been proposed (ref. 5). This type of mo- 
dels is suitable for numerical computation on digital cornputen. However, the assumption 
of fixed-rate sampling ap2cars as a weakness of this representation. 
An alternative to the quasi-linear moddl has been developed by Kleinman, Baron and 
1.3 G 
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Levison (ref. 6, 7, 8). This approach is based on advanced optimal control and estimation 
theory with the assumption that the well-trained human controller behaves in an optimal 
manner subject to his inherent limitations and contraints and the requirement of his task. 
However, is the human operator only a Kalman estimator whose objective may be formu- 
lated as the minimization of a given criterion 7 
These modeling studies have advanced a great step forward when becoming interdisci- 
plinary through the involvement of psychologists in the research teams. These scientists can 
probably be credited for the introduction of the concept of operating image (ref. 9, 10, 11, 
12) which is an internal model of the vehicle allowing the human operator to predict i ts 
short-term response. The conventional approach and the purely psychological one are curren- 
tly merging (ref. 13). Without repudiating previous philosophies, our current approach tries 
to make a synthesis of them and develop the model of a human operator based on a new 
and more accurate analysis of the aircraft pilot's behavior (ref. 14, 15, 16, 17). 
ctntrrl - - INSTRUMENT - L YISIOI) PANE1 
II. ANALYSIS OF THE PILOT'S BEHAVIOR 
and Action on fontrolr 
frrt 
Consider the behavior of the human operator in the case of aircraft control. 
The aircraft position assensed by the pilot ftom his instrument dials or outer sight is 
compared to the attitude required to follow the nominal flight path. As an example, if the 
horizontal oar of the ILS indicator lies above tire central mark, the pilot amlyzes this situ- 
ation and selects the appropriate correction maneuver to carry out. Once the naneuver has 
been selected, the pilot's brain (Le. the decision center) request from the eyes through an 
internal loop (fig. 11, to collect information relating to the longitudinal attitude. The diffe- 
rence between the actual attitude and the desired one is analyzed and the pilot selects the 
right control to actuate and determines the force to apply to it. In this examnle, the pilot 
pulls on the control stick with a force he judges as correct while requesting his arm, 
through another loop, to sense the applied force. Stick motion is stopped whon the pilot 
feels that the desired force has been applied, 
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Hence, the decision center (the brain) puts successively into action various loops while 
asking for further information from the human sensor. Three types of loops may be consi- 
dered (fig. 2), 
Fig 
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c 
- outer loops controlling the parameters related to the short-term safety, i.e. flight path, 
position and spead, - loop controlling the parameters related to the immediate safety, Le. the attitude an- 
gles, angle of attack, etc .... , - finally, the inner loops controlling the forces applied to the controls. 
It should be noted that there is only u single loop in operation at a given time and 
this is one of the mt fundamental differences between a h\Jman pilot Lnd b:l. autopilot. 
The selection of the currently operatlng loop is made by the decision center (brain) which 
designates the selected sensor to collect and transmit the necessary information through an 
An Immediate consequence of this inalysis is that it is impossible to determine d i rw 
tly the pilot's workload : at the prewnt time, it seems virtually impossible to follow in 
detail thn processing of data taking place within the brain. 
Another consequence is *+at it is useless to determine experimentally a transfer func- 
tion representing 'he pilot's beha4or since there is not one, however complex, but a series 
of transfer functions used sequentially in an ordei determined bv scanning of the various 
displays, This scanning itself depends on certain data, the environment, the pilot's training, 
etc... , that is partially on random phenomena. This random nature must be accounted for 
into some part of the pilot's behavior model. 
ir1ternal loop (fig. 1). 
111, RESPECT OF THE CONTROL LAW 
The control law, which is the keeping of permissible deviations of the controlled para- 
meters with respect to the nominal flight path, ensures the immediate safety as well as the 
short-term safety. This law is used by the pilot as e guideline, it depends on the objective 
set by the pilot and on his ability to adapt himself to the conditions of the flight phase 
execution. 
First, the objective set by the pilot may not be formulated in the form of a criterion 
to be minimized (as proposed by Kleinman, 6aron and Levicon (ref. 6, 7, 8)).The pilot is 
neither a perfect being, nor a well-trained monkey who as it is well known, doc# a better 
work than a human operator when his task is that of a robot. The human brain can col- 
lect a great number of quantitative and qualitative data, some of them being only sensa- 
tions. The brain is  able to built a model of the situation, to compare it with typical situa. 
tions held in memory, and decide upon an action even if the case has not been foreseen. 
Then, the objective is much fuzzier : it consists on controtling the plane to reference fllght 
path as close as possible to the nominal flight path. This reference corresponds to the 
pilot's learning and his know ledge of the plane. 
The pilot pouewes rather remarkable capabilities of adaptation which are evidenced by 
the nature of his control commands. An interpretation of this adaptability is the concept 
of operating image or internal model, The pilot possesses a probably very simplified model 
of the aircraft which permits him to predict its short-term rwponse given his previous 
actions. 
human pilot's control, as opposed to conventional autopilots. 
This concept of internal model permit US ta account for the predictive nature of a 
IV. CHOICE OF A MULTILOOP SEOUENTIAL MODEL 
Taking into account the above considerations, a mathematical model must satisfy the 
following conditions to b as close as possible to the human pilot's behavior (ref. 15). 
Q) The e!ementary activities of data collection, development of corrmion procalures 
and actuation of controls occur requcncially and not simultaneously as in continuous type 
models. 
6) The various control loops must be identified according to the type of aircraft as 
well as the nature and number of observed parameters, The type of each loop must be 
&fined, namely as flight path loop relating to short-term safety, attitude loop relating to 
immediate safety, or loop relating to the control action (see fig. 2). 
c) The instants of time when the various loops ore activated are not defined in a 
deterministic manner but are partially random (Poisson process). Only a sing/e loop can be 
in operation at a given time and the p h ?  applies rules based on his proficiency and pw 
sonal experience from one IOOD to another or to monitor the instrumant panel. These rulm 
are not strict and depend on the pilot's !u;r)sment. Definition of a prscise model for the 
process of selecting among the various loops is one of the most difficult problem to solve 
and is fully ignored in single loop models. 
d) The model must be conceivsd in such a wa\i that its various characteristic params 
ten b adjustable from one model of aircraft to another within a giwn type of aircraft, 
Obviously, ttta model for a Mach.2 fighter is necessarily different from that of I c o n m  
tional rubwnic aircraft. 
e) Finally, the model must provide a gw;i evaluation of the pilot's workload. 
Research on such a multiloop model called "discretsti-,r,c ;Irodel" because of its 16- 
quential nature, has been carried out in France, at ONERA (Office National #Etudes et de 
Recherche Ahrospatiales - French National Aerospace Agency) since 1973. Thaw studies 
(ref. 16, 17) have led to the devalopment of a covputsr program simulating the behavior 
of a pilot of a heavy transport plane (Airbus k;JooBt and capable to perform a particular 
flight path (final descent of an ILS approach). The model will won be extended to mke 
it adapt to various aircrafts of the same type (this version is currently being testad with 
a model of the Dwswlt Falcon 20). 
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V. DESCRIPTION OF THE DfSCRETE*TIME PILOT CrtODEL 
I estimated deviation permissible deviation 
In this model, It is assumed that, at a given time, the pilot can either make a decision 
or carry out one of the following three elementary actions : - actuate a control, - read an information on the instrument pane), - monitor a given parameter displayed on a dial. 
It is assumed that the pilot's strategy, that Is the process of selecting among the va- 
rious procedures of parameter correction, has a sequential nature and is a function of the 
flight situation defined by the aircrafc type and condition, the flight phase and atmospheric 
conditions. 
Experimental data have led to distinguish between three leuets of activity in the pilot's 
operating mode (fig. 3). This classification is only an assumption, but seems to be close to 
reality ~ n d  corresponds to the thrae types of loops discussed above. 
I, 
I Correctlun procedure I . 1 
i i  t I !  Evaluate instmtmwus seriousness 
estimated deviatmn 
pCrmissib18 deviation 
is the siturtim sericas 
Read 
necessary 
pwamters procedures 
I I 
Readiq 
4 d -- 
Procedure /or 
next correctlw, 
Fig. 4 - Overa/l strcrtigp.. 
As far as the strategy of dials monitoring is concemd, the sequence of observed dials 
b governed by a matrix of conditional probabilities of reeding ;:.a& instrument after am- 
rher one. This matrix is called "switching matrix". After each instrument reading, the value 
of a random variable determines which diel wlll be read next, depending on the switching 
matrix. The sequence of reading times is regardod os a Poisson process. Figure 5 gives an 
example of switching matrix in the case of the ILS approach phase of an Airbus A-3006. 
This matrix has hean determined experlrnentally by means of on eteetrooculorneter. In r e  
troqmt, wure observed In this matrix the features of olamentary monitoring rules during 
IFR flight. For Instance, the artlficiat horizon was mostly observed. 
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The strategy of the correction procedures is based on the fact that the human pilot 
makes decisions depending on the short-term predicted evolution of the situation while 
taking in\o account al l  previous actions. 
The model has- no access to the equations governing the aircraft dynamics but, by 
using i ts operating image, it can predict approximately the short-term situation. This predic- 
tion capability is used by the model to select the best correction procedure to implement, 
each time it is necessary,' This choice is made by developping a logical tree (fig. 6) in 
which, 
-the root is the memorized situation (So) ; 
- branches are the correction procedures whose implementation is considered ; 
- nodes other than the root are situation predicted from the root by means of the ope- 
rating image while taking into account the intented correction procedures. 
e INSTANTANEOUS SERIOUSNESS 
I ETIMA TED DEVIATION PERMISSIIBLE DEVIATIW ~ ( i ~ A x l  LW THE 
MAIN 
PARAMETERS 
.SHORT- T'ERM MEAN SERIOUSNESS 
G ( l ) . L  I C(k).At, 5 - t ,  & k J  
eSELECTE0 PATH. PdTH W MINIMUM 
SHORT-TERM MEAN SERIOUSNESS 
FROM 0. 
Fig. 6 - Strategy for correction procedures 
The instantaneous seriousness GIK) is computed at  each node K. Considering that it 
remains constant during the time At1 elapsed from the previous node to the node I ,  the 
model computes a short-term mean seriousness G(I) on each path leading to a terminal 
node. To that end, the instantaneous seriousness is weighted by the time elapsed on each 
branch and the result is divided by the total time elapsed on the path. The short-term 
mean seriousness of a path (I, J) is then expressed by 
1 
G(K) - Atk G([I, Jl) = 
' J - ' I  K = I + J  
The mean seriousness of the best path k((l ,  J]) chosen at I is denoted G(I). This 
choice is simply made by taking among al l  possible paths from I the one with the mini- 
mum mean seriousness. 
The path from the root with the minimum mean seriousness is then chosen and the 
implementation of the correction procedure corresponding to i ts  first branch can be ini- 
tiated. 
VI. PROGRAM APPLICATIONS 
Two appli:ations have been made to validate this program. Both apply to the simu- 
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lation of the final descent of the ILS approach phase for an Airbus A-300B. First, a statis- 
tioal comparison has been made between the performances of the model and those of pro- 
fessionnal pilots. Secondly, the performance loss of the model when the static margin of 
the simulated aircraft is decreased has betm investigated. 
Vll l r  Comparison between the model and professionnal pilots 
It is meaningless to compare the time responses obtained from the model and from 
human pilots. As good as it may be, the match between the curves cannot be perfect. A 
statistical comparison would be more meaningful. We have therefore chosen a comparison 
between the standard deviation and the oerformance. which are defined below for the va- 
rious flight parameters. 
Standard deviation ux = 
Performance px =ir 
@ldt 
where t is the duration of the final descent of the ILS approach phase. 
The results from the model have been compared to those of five professionnal pilots 
performing final descents in IFF? conditions on a flight simulator representing the heavy 
transport plane considered in this study. The comparison is illustrated in figure 7 ; it can 
be seen that the model exhibits a behavior close to the pilot's as far as the above defined 
standard deviations and performances are concerned. 
iW EglideElac 6 (I 
Model-pilot initial deviations at 1900 feet 
x human pilot 
model 
Localltor deviatio? : - 0,6" 
Glide path deviation : 0,66' 
AV = + 8 kts (Va = 137 kts) 
Fig. 7 - Stsnderd-devi6rions and performances, 
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VI,2. Application of the model to flight control with reduced static margin 
One of the first practical applications of the model has been the study of i ts perfor- 
mance loss when the static margin of the simulated aircraft decreases, Le. when the center 
of gravity moves backward, progressively destabilizing the plane. It appears that the perfor- 
mance of the model decreases when the static margin is reduced, which seems realistic. The 
loss of control occurs sutldenly (fig. 8) when the workload resulting from a decrease in 
static margin becomes excessive. The most interesting result of this study is that, whenever 
control difficulties appear on the pitch axis, the overall aircraft control is impaired ; for 
most of the cases losses of control occur on the transversal axis. 
presentatbn for final 
27 
ad 
20 15 10 5 
Fig 8 - Basic ILS approaches with reduced static margins. 
Normal 
Divergent 
Out of bounds 
Crash 
VII. CONCLUSION 
The model described in this paper is expected to be more conform to the actual 
pilot's behavior than those of previous studies. It tries to make a synthesis between the 
mathematical approach and the psychological approach through the introduction of the 
aircraft internal model. 
In the future, studies will attempt to introduce the concept of pilot adaptativity to a 
new type of aircraft as well as the concept of learning which could take into account the 
degree of professionnal development of individual pilots. 
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FLIGHT EXPERIENCE WITH MANUALLY CONTROLLED 
UNCONVENTIONAL AIRCRAFT MOTIONS 
BY 
A. FINLEY BARFIELD 
A I R  FORCE FLIGHT DYNAMICS LABORATORY 
WRIGHT-PATTERSON AFB, OHIO 
During 1976 and 1977, a modified YF-16 a i r c r a f t  was used t o  f l i g h t  
demonstrate decoupled con t ro l  modes under the  USAF Fighter  Control 
Configured Vehicle (CCV) Program. Higher l e v e l s  of d i r e c t  force  cont ro l  
were achieved by the  a i r c r a f t  than had previously been f l i g h t  t e s t ed .  The 
d i r e c t  fo rce  c a p a b i l i t i e s  were used t o  implement seven manually cont ro l led  
unconventional modes on the a i r c r a f t ,  allowing f l a t  tu rns ,  decoupled normal 
acce le ra t ion  control ,  independent longi tudina l  and lateral t r ans l a t ions ,  
mcoupled e leva t ion  and azimuth aiming, and blended d i r e c t  l ift.  
miniature  two-axis force  c o n t r o l l e r  was i n s t a l l e d  on top of t he  YF-16 
s i d e s t i c k  con t ro l l e r  f o r  commanding the  decoupled modes. A t  the  p i l o t ' s  
d i sc re t ion ,  t h e  d i r e c t i o n a l  modes could a l s o  be commanded using rudder 
pedals 
A 
The unconventional con t ro l  modes were f l i g h t  evaluated during 
simulated opera t iona l  tasks ,  such as air-to-ground bombing and s t r a f i n g ,  
and air- to-air  t racking and defensive maneuvering. The f l i g h t  t e s t i n g  
iden t i f i ed  many actual and po ten t i a l  uses f o r  these  con t ro l  modes, but 
a l s o  iden t i f i ed  areas where refinements are needed t o  a r r i v e  a t  
opera t iona l ly  s u i t a b l e  implementations. This paper descr ibes  the  design, 
development, and f l i g h t  t e s t i n g  of these new cont ro l  modes. 
lessons learned i n  the  areas of unconventional cont ro l  law implementation 
and con t ro l l e r  design. 
scheduling and se lec ted  closed-loop design is  discussed. 
It includes 
The need f o r  task- ta i lored mode a u t h o r i t i e s ,  gain- 
INTRODUCTION 
The A i r  Force F l igh t  Dynqmics Laboratory's Fighter  CCV Advanced 
Development Program was conducted t o  develop and evaluate  advanced con t ro l  
concepts f o r  improving f i g h t e r  a i r c r a f t  mission e f fec t iveness .  Spec i f ic  
new cont ro l  degrees of freedom were provided i n  an e x i s t i n g  high- 
performance f igh ter .  Control modes se lec ted  fo r  implementation had been 
iden t i f i ed  by previous research e f f o r t s  as possessing the  po ten t i a l  f o r  
s i g n i f i c a n t l y  improving f i g h t e r  a i r c r a f t  performance. Use of these  
unconventional control  modes provided the  p i l o t  with unique a i r c r a f t  
maneuvering capab i l i t i e s .  This program provided the  f i r s t  t rue  test of 
the utility df these new capabilities. 
testing were conducted under contract to General Dynamics/Fort Worth. 
Design, modification and flight 
The YF-16 shown in Figure 1 was uniquely suited as a testbed for the 
It served as a state-of-the-art baseline configuration with its program. 
full authority quad redundant analog Fly-by-Wire control system, sidestick 
controller, and advanced aerodynamic design employing vortex lift and 
leading edge maneuvering flaps. The aircraft was designed to be 
statically unstable longitudinally in subsonic flight with artificial 
stability being provided by the control system. Angle of attack and "g" 
limiting allowed full maneuvering without reliance on stall warning or 
cockpit instruments and provided maximum 1188 of the airframe load factor 
capability throughout the flight envelope. This advanced control system 
design facilitated implementation of the new CCV control modes. 
Fig 1 Fighter CCV Test Aircraft 
DESIGN APPROACH 
Cost effectiveness and safety conuiderations were major driving 
factors in the configuration aelection and design, In this light only 
minor modifications were made to the YF-16 aircraft. Although providing 
a means o f  assessing the new control capability, this approach prevented 
overall control and aerodynamic design optimization. Exterior change6 to 
the aircraft consisted of the addition of twin all-movable vertical 
canards. The new surfaces, canted outward 30 degrees from vertical, were 
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at tached a t  the  engine i n l e t .  The i n s t a l l a t i o n  was accomplished without 
a l t e r i n g  the  ex terna l  o r  i n t e r n a l  mold l i n e s  of t he  i n l e t .  
separately actuated,  the  canards are def lec ted  together  by the  same p i l o t -  
generated command s ignal .  Use of the  canards i n  conjunction with the  
rudder enabled d i r e c t  s ideforce t o  be developed by the  a i r c r a f t ,  The 
f laperons were modified t o  allow both up and down symmetric def lec t ions .  
Operation of the f laperons with the hor izonta l  t a i l  provided a d i r e c t  l i f t  
capabi l i ty .  
Although 
An aux i l i a ry  analog computer was added t o  allow implementation of the  
new cont ro l  laws. A fa i l - sa fe  design was required. Additionally,  the  CCV 
modifications were not t o  r e s u l t  i n  degradation of t he  operat ional  
r e l i a b i l i t y  of the  bastc YF-16 cont ro l  system. 
intact t o  provide su i t ab le  cont ro l  and s t a b i l i t y  augmentation. 
conventional YF-16 control  system formed the  basel ine configurat ion f o r  
the program. 
problems cause CCV system disengagement. 
i n t e r f aces  was the only change t o  t h a t  system. 
achieved by in j ec t ion  of b i a s  s igna l s  and crossfeeds t o  al ter the  normal 
p i l o t  commands o r  system feedbacks, Operation throughout t h e  a i r c r a f t  ' s  
envelope was needed fo r  a va l id  evaluation of t he  unconventional modes. 
Gain scheduling was extensively employed t o  provide proper response as 
f l i g h t  conditions varied. Emphasis was placed on obtaining maximum CCV 
mode capab i l i t y  across  the  mach-altitude range without c rea t ing  adverse 
t rans ien ts .  
That system was retained 
The 
It a l s o  served as the  reversion configurat ion should 
The addi t ion  of CCV s igna l  
Control reconfigurat ion was 
Crew s t a t i o n  changes involved the addi t ion  of instruments such as 
s ides l ip ,  s i d e  accelerat ion,  canard and f laperon pos i t ion  ind ica to r s  t o  
allow evaluation of CCV responses by the  p i lo t .  A CCV cont ro l  panel was 
i n s t a l l e d  t o  enable mode se lec t ion ,  and modifications were made t o  the  
trim button on the  s ides t i ck  con t ro l l e r  t o  provide a means of commanding 
the open-loop CCV modes, 
UNCONVENTIONAL CONTROL MODES 
A t  the  p i l o t ' s  command were si. open-loop modes i l l u s t r a t e d  i n  
Figures 2 and 3. 
axes was provided by the An and Ay modes. 
and yaw with the  ve loc i ty  vector.  
d i r e c t  lift was generated on the aircraft .  
use of the  s ideforce mode as s i d e  acce lera t ion  was generated allowing 
turning of the a i r c r a f t  without banking. Att i tude cont ro l  a t  constant 
f l i g h t  path angle was ava i lab le  with the  a and 81 modes r e su l t i ng  i n  
Vertical and lateral  
t r ans l a t ions  were provided by the  a2 and 62 modes. 
v e r t i c a l  ve loc i ty  and s i d e  ve loc i ty  were the cont ro l led  parameters 
a t  constant a i r c r a f t  a t t i t u d e .  
e leva te  o r  s ide  s t e p .  
Direct cont ro l  of the  a i r c r a f t ' s  f l i g h t  path i n  two 
The a i r c r a f t  ro ta ted  i n  p i tch  
In . . i t ch ,  a was held constant while 
S ides l ip  remained zero during 
independent fuselage pointing i n  e i t h e r  ax ;t 8 .  
I n  t h i s  case 
Thus the aircraft could e f f ec t ive ly  
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Fig 2 Open-Loop Longitudinal CCV 
Modes 
Fig 3 Open-Loop Direct ional  CCV 
Modes 
One cloeed-loop mode, Maneuver Enhancement (ME), was a l s o  ava i l ab le  
Uirect l i f t  was blended with basic  aircraft p i tch  con t ro l  
X t  provided an i n i t i a l  d i r e c t  l i f t  during a maneuver which 
t o  the p i l o t ,  
in t h i s  mode. 
was washed out as the commanded aircraFt normal acce lera t ion  was obtained, 
Uee of t h i s  capabi l i ty  resu l ted  i n  maneuver quickening. 
of normel acce lera t ion  feedback, a level of gust  a l l e v i a t i o n  was also 
provided as i l l u s t r a t e d  i n  Figure 4, 
Due to t h e  use 
Implementation i n  accordance with the approach of an "add on" design 
is i l l u s t r a t e d  with the s implif ied block diagrams i n  Figures 5, 6 and 7. 
The conventional YF-16 cont ro l  system i s  shown i n  s o l i d  black i n  the 
f igures ,  Dashed l i n e s  ind ica te  the CCV modes, For the  three open-loop 
longi tudinal  modearthe p i l o t  commends flaperon def lec t ion  d i r e c t l y  with 
the elevator  being driven through a scheduled crossfeed gain. 
prevent opposit ion of the  CCV commands are computed and introduced i n t o  
the YF-16 cont ro l  system. 
command and p i tch  rate paths are modified by t he  b i a s  sigrtals. 
system gains were dotemined using wind tunnel da ta  and d i g i t a l l y  
predicted aircraft responses, 
Biases to 
En the  case of the An mode, Fjyure 5, s t i c k  
CCV 
*CCV MMUVER QUICKWING d C V  OUST AulvlATlol 
Fig  4 Maneuver Enhancement Mode 
I 
I 
Pig 5 Simplified Functional Block Diagram of  the, A, Made 
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The d i r ec t iona l  modes are s t ruc tured  i n  much t h e  same lDBnner. The 
pilot colPPlands a canard def lec t ion  with an appropriate  crossfeed t o  the  
rudder a11 shown f o r  the  d i r e c t  s ideforce  mode i n  Figure 6. En t h i s  case 
a gain scheduled crossfeed t o  the  f laparons is needed t o  counter  r o l l i n g  
moments from the  canard-rudder def lect ions.  
yaw rate end lateral acce lera t ion  feedbacks of the  basic con t ro l  system, 
Bf.asee are also added to t he  
Fig 6 S h p l i f i o d  FUllStiQn Block Diagram o f  t he  A, Mode 
The one! exception to t h i s  type of implementation i s  Maneuver 
Enhencement, As rhown i n  Figure 7, the  error between p i l o t  corrraand and 
a i t c r u f t  normal acceleratian dr ives  the tlaperonn and hor izonta l  tai l ,  
A washout i n  the p i tch  rata feedback path, and i n t e g r a l  p lus  proport ional  
con t ro l  i n  the forward path, provides a "g" command response In steady 
~ t a t e .  Thus as the a i r c r a f t  attrine the cmmndsd "g" level, the  d i r e s t  
l i f t  flaparons return to taro deflectima, The technique: provides an 
initantanaoue d i r e c t  l l f c  for manauvur quickening, 
obtained when the normal acce le romte r  feedback srensas gust induced 
aircraft  response and dr ivea  the flaperons to counter i t ,  
Gust s l l e v i e t l o n  ir 
Mhor madificationr, to the YF-16 cockpit  were uuda to  allow u8t o f  
the CCV tasdss, Specific mdea are se lec ted  by tho p i l o t  uaing the CCV 
control panel shown i n  Figure 8 ,  Any of the th ree  own-loop longi tudina l  
mdaa can be commanded by fore or a f t  force on the CCV c o n t r o l l e r  
i n s t a l l e d  on the  YF-16 s ides t ick ,  Figure 9. 
replaced with t h e  two-axis CCV force con t ro l l e r ,  and the oorRutl "coo1ie 
hat" thumb button was retained. 
c m  be se lec ted  for operation throuah e i t h e r  rudder pedal inputs  or 
l a f t / r i g h t  force on the CCV eont ro l le r .  Beside8 mode se l ec t ion  the 
cont ro l  panel also providev t h e  p i l o t  with p i t ch  and ro l l  au top i lo t  
The trim switch vas 
Tho three opm-loop dire?ctlonal mdee 
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funct ions a8 w e l l  a8 mode pur i f i ca t ion  capabi l i ty .  
designed to allow engineering evaluat ion of the modes by enabling 
various feedbacks to force  "pure" s teady state uncoupled aircraft motion, 
In  t h i s  way t h e  adequacy of interconnect  and b i a s  gain schedules based 
on predicted CGV reaponsea could be ascer ta ined ,  
provides a means of  removing s t d e  acce lera t ion ,  Ay, feedback t o  the  rudder 
i n  the  b a r i c  cont ro l  eystem. 
included €or system checkout and diagnosis  on t h e  ground, 
Pu r i f i ca t ion  was 
The control panel also 
Various self-test function8 were also 
Fig 7 Simplified Functional Block Diagram of Maneuver Enhancement 
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Fig 9 CCV Control ler  I n s t a l l a t i o n  on Sides t idc  
The bas ic  a i rp l ane  s i d e s t i c k  con t ro l l e r  is e s s e n t i a l l y  a force  s t i c k  
although the  sensors employed are Linear Variable Di f f e ren t i a l  Trans- 
formers which measure a very small displacement of t he  s t i c k  r e s u l t i n g  
from forces  appl ied by the  p i l o t .  
lbs.,and maximum r o l l  requi res  a l i t t l e  more than 15  l b s ,  
have parabolic s t i c k  force versus command gradients .  
has a 0.1 lb .  deadzone with a linear force  versus command gradient  up 
t o  a maximum of 3.1 lbs .  
Maximum command i n  p i t c h  requi res  31 
Both 'axes 
The CCV but ton 
FLIGHT TESTING 
The f l i g h t  test program cons is t ing  of 87 f l i g h t s  and t o t a l l i n g  over 
125 f l i g h t  hours was conducted a t  Edwards AFB i n  Cal i fornia .  Figure 10 
presents the  range of f l i g h t  condi t ions over which tes t i t ig  was performed. 
I n i t i a l l y  the  f l i g h t  envelope was cleared i n  tests t o  i d e n t i f y  f l u t t e r ,  
aeroservoelast ic  i n s t a b i l i t i e s ,  or s t a b i l i t y  and cont ro l  problems. The 
e f f e c t  of the  canards addi t ion on in le t lengine  operat ion and the  aero- 
dynamic des t ab i l i z ing  e f f e c t s  were a l s o  evaluated during the i n i t i a l  tests. 
Preliminary checks were performed t o  ve r i fy  proper funct ioning of  the CCV 
control  system. Engineering evaluat ions were then conducted t o  a s c e r t a i n  
the  funct ional  adequacy of t h e  CCV control  system design and t o  obta in  da ta  
f o r  de ta i led  evaluation of the  var ious mode cha rac t e r i s t i c s .  
a l so  ind ica tes  test  condi t ions f o r  evaluating predicted performance 
improvements with Relaxed Static S t a b i l i t y  (RSS), Although not covered i n  
t h i s  paper, the a i r c r a f t ' s  f u e l  system was modified t o  allow a wide range 
of center-of-gravity loca t ions  t o  be evaluated during the  later por t ion  of 
the  test program. F ina l ly  quasi-operational tasks  were conducted 
simulating a i r - to-a i r  gunnery, formation, re fue l ing ,  air-to-ground 
bombing and air-to-ground s t r a f ing .  
Figure 10 
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Fig 10 Primary T e s t  Poin ts  
The CCV modes produced responses a s  predicted,  and the  modified air- 
c r a f t  was found t o  be f r e e  of instabil i t ies.  
handling q u a l i t i e s  throughout t he  f l i g h t  envelope up t o  i t s  angle  of 
a t t a c k  and s i d e s l i p  l i m i t s .  
o r  propulsion system performance were detected.  
were des t ab i l i z ing  both longi tudina l ly  and d i r ec t iona l ly ,  t he  YF-16 
cont ro l  system provided s t a b i l i t y  augmentation t h a t  e f f e c t i v e l y  
compensated f o r  the  change. 
allow re f in ing  of the  CCV cont ro l  system gain schedules which had been 
se l ec t ed  o r i g i n a l l y  on the  b a s i s  o.f wind tunnel information, 
a t ions  a l s o  v e r i f i e d  the  ava i l ab le  CCV mode au tho r i t i e s .  Direct l i f t  
levels of  up t o  + 1 . 5  g ' s  and s i d e  force l e v e l s  of 0.9 g were obtained. 
These c a p a b i l i t i z s  var ied  considerably with f l i g h t  condi t ions s i n c e  the  
design was t o  obta in  maximum capabi l i ty ,  and not  t o  provide uniform 
author i ty ,  
of approximately 5 2 degrees were real ized.  Translat ion a u t h o r i t i e s  of 
1500 fpm rate of climb f o r  t h e  4 2  mode and 40 k t s  s i d e  ve loc i ty  f o r  the 
B2 mode were demonstrated. 
It a l s o  possessed.adequate 
No adverse e f f e c t s  of t he  canards on i n l e t  
Although the canards 
The engineering evaluat ions provided da ta  t o  
The evalu- 
Yaw point ing l e v e l s  approaching 2 5 degrees and p i t ch  point ing 
The Handling Qualities During Tracking (HQDT) technique developed a t  
the  NASA Dryden P l igh t  Research Center and the  A i r  Force Fl ight  Test 
Center was used f o r  engineering ana lys i s  of t he  CCV modes during tracking. 
For t h i s  technique, scored gun camera f i lm is used t o  obtain n 
quan t i t a t ive  measure of handling q u a l i t i e s ,  cont ro l  system characteristics, 
and prec is ion  c o n t r o l l a b i l i t y  during high-gain t racking tasks .  
depressed reticle is used i n  a preplanned t racking task employing i n  t h i s  
case an F-4 o r  T-38 target a i r c r a f t .  
A f ixed 
The a i r - to-a i r  t racking maneuver 
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consis ted of windup turns  (WUT) t o  4.5 g's and 3g constant turns.  The 
technique w a s  also applied t o  air-to-ground runs with l imi ted  success.  
Unfortunately, t he  technique does not  resemble most air-to-ground de l ivery  
techniques. RMS, mean, and median t racking e r r o r s  along with time 
h i s t o r i e s  of pipper pos i t i on  r e l a t i v e  t o  the  t a r g e t  are provided by t h e  
technique. 
comments to  evaluate  the  CCV modes' usefulness.  Ordnance was not  a c t u a l l y  
del ivcred because the  YF-16 tes tbed did not  have a weapon de l ivery  
capabi l i ty .  
This da ta  was used i n  connection with p i l o t  r a t i n g s  and 
Early i n  the  evaluat ions,  r e s u l t s  from tracking with Maneuver 
Enhancement indicated the  usefulness  of t h i s  mode. 
longi tudina l  parameters comparison of the  a i r c r a f t  with and without ME 
during a windup turn  t racking task.  
rate per turbat ions and p i l o t  inputs  i nd ica t e s  a usefu l  mode f o r  prec ise  
tracking. 
cor rec t ions  could be made without causing l a r g e  r o t a t i o n a l  rates. This 
preliminary assessment proved t o  be co r rec t  when p i l o t s  from t h e  F-16 J o i n t  
Test Force evaluated t h e  modes i n  simulated a i r - to -a i r  gunnery. 
Figure 11 is a 
The reduct ion i n  magnitude of p i t c h  
Tighter  "g" cont ro l  was ava i l ab le  t o  t h e  p i l o t ,  and small 
WIC AIW MNEUVER EWHANCWENT 
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Fig 11 Windup Turn Tracking 
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Overall assessment of t he  CCV modes f o r  var ious opera t iona l  tasks  are 
This is a consensus of p i l o t  opinion on the  p o t e n t i a l  shown i n  Figure 12. 
improvement these modes could provide. 
t h e  mode i s  e i t h e r  preferred o r  has the  p o t e n t i a l  f o r  improvement over 
conventional cont ro ls ,  
mode did not show a ,potent ia l  improvement over conventional con t ro l s  o r  
t h a t  p i l o t  r a t ings  and comments were inconclusive. 
A "G" o r  green r a t i n g  ind ica t e s  t h a t  
The "Y" o r  yellow r a t i n g  is  used t o  denote t h a t  t he  
IUA WA 
Fig 12 CCV Mode Assessment 
Maneuver Enhancement was considered an improvement as i t  was 
It provided implemented on the  test a i r c r a f t  i n  a l l  a i r - to-air  tasks.  
t i g h t e r  con t ro l  i n  a t racking s i t u a t i o n  without t he  usual  r o t a t i o n a l  
per turbat ion.  
con t ro l l e r  s ince  t h i s  was a blended mode on the  normal s ides t ick .  Washout 
of f laperon def lec t ions  prevented sa tu ra t ion  problems of t he  l imi ted  
au tho r i ty  direct l i f t  capabi l i ty .  
P i l o t  cont ro l  was not  complicated by an add i t iona l  
The d i r e c t  force modes, An and Ay,were preferred over point ing o r  
The mechanization allowed p i l o t s  t o  t r ans l a t ion  f o r  prec ise  tracking. 
"beep" CCV comands using the  button c o n t r o l l e r  i n  much the  same manner 
as  a trim switch. 
path. 
cause no object ionable  pipper t rans ien ts .  
a l s o  considered t o  hold promise f o r  some unusual and e f f e c t i v e  defensive 
maneuvering c a p a b i l i t i e s ,  but l a rge r  au tho r i ty  levels than obtainable  on 
the CCV YF-16 were desired by most of the p i l o t s ,  
It provided an immediate p rec i se  change i n  f l i g h t  
Such a "beep" technique was rea l i zab le  because comnand and r e l e a s e  
The d i r e c t  force  modes were 
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The point ing modes were d i f f i c u l t  Sor manual p i l o t  control.  Although 
providing reasonable au tho r i ty  and prec ise  fuselage pointing, t h e  command 
had t o  be held i n  continuously. Upon release of t he  CCV con t ro l l e r ,  t he  
pipper moved sharply away from the  t a r g e t  as the  a i r c r a f t  returned t o  
align with the  ve loc i ty  vector.  This proport ional  input  on the  CCV 
con&roller,while t ry ing  t o  keep t h e  bas ic  t racking so lu t ion  through 
changing forces  on the s ides t ick , resu l ted  i n  what one p i l o t  re fe r red  t o  
as a hand conf l i c t .  
point ing capabi l i ty  as the maneuver changed, 
immediately r e a l i z e  when maximum capab i l i t y  had been reached and r e v e r t  
t o  bas ic  a i r c r a f t  cont ro l  f o r  fu r the r  e r ro r  reductions.  This would result 
i n  maneuvering the a i r c r a f t  with f u l l  pointing capab i l i t y  being 
c o m n d e d  and a t  times introduced unwanted l a g s  i n  tracking. 
these drawbacks, the mode was ra ted  highly as f a r  as its po ten t i a l  f o r  
improvement. 
f i r e  cont ro l  system would make a very e f f ec t ive  gunnery system. 
A tendency ex is ted  t o  rap id ly  reach and hold f u l l  
The p i l o t  had t o  
Even with 
Most p i l o t s  commented t h a t  an automatic t i e - in  with the  
The t r ans l a t ion  modes were implemented with slow onset rates and low 
steady state a u t h o r i t i e s  which made them unsui table  f o r  a i r - to-air  combat 
maneuvering. Due t o  the  open-loop design, the  a i r c r a f t  had a tendency t o  
coast  a f t e r  a t r ans l a t ion  command had been removed. This was boChersome 
t o  the p i l o t  as  he t r i e d  t o  Close on another a i r c r a f t  s ince  exact f i n a l  
pos i t ion  was not e a s i l y  predicted.  The t r ans l a t ion  modes could be used 
fo r  formation/station keeping; however, the t a sk  was adequately handled 
with the  bas ic  a i r c r a f t  cont ro ls ,  Thus, a clear need f o r  improved means 
of accomplishing the  task d id  not  exist. 
appl ica t ion  i n  refuel ing operation, 
s i g n i f i c a n t  advantages in t h i s  case. 
redundancy i n  the mechanization and safety considerations,  such 
appl ica t ions  could not be evaluated. 
was prohibited.  
The one exception was 
The CCV modes were believed t o  o f f e r  
Unfortunately, due t o  t he  l imited 
Refueling with CCV modes engaged 
For the  air-to-ground work, Maneuver Enhancement again demonstrated 
an improvement as implemented on the  test a i r c r a f t  (Figure 12).  This was 
primarily due to: 1) the gust  a l l e v i a t i o n  capabi l i ty  it provided; and, 2) 
t he  increased response when pul l ing  out of a dive. 
task was not s ign i f i can t ly  changed with the blended implementation on t he  
s ides t i ck ,  Normal p i lo t ing  techniques could be used f o r  task  accomplish- 
men t . 
The manual control 
Direct s i d e  force,  Ay, received favorable p i l o t  r a t i n g  for both 
s t r a f i n g  and dive bombing, The primary advantage was el iminat ion of 
having to ro l l -pul l - ro l l  back t o  make d i r ec t iona l  correct ions.  
e f f e c t  o€ each correct ion could be immediately and e a s i l y  determined 
since &he bas ic  s igh t  p i c tu re  remained unchanged, Rudder pedals fo r  
commands were well liked,and the p i l o t s  e a s i l y  adapted t o  t h e i r  use. $he 
au thor i ty  prcrvided appeared excessive For terminal tracking. The mode 
found only spacing appl ica t ion  i n  the  air-to-ground tasks because 
longi tudinal  control  posed no spec i f i c  problem and was e a s i l y  accomplished 
with the normal s t i c k  commands. Use of the force  button was not na tu ra l  
The 
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f o r  t h e  p i l o t  i n  these tasks,  and cross- ta lk  between button and s t i c k  
ex is ted  
' 
Point ing capab i l i t y  i n  both axes was found usefu l  fo r  s t r a f i n g  runs. 
Two techniques were used with p i t c h  pointing. 
pipper was allowed to  walk up t o  the  t a r g e t  and was then held on the  t a r g e t  
with the  pointing capab i l i t y  t o  provide a longer f i r i n g  opportunity.  
second technique involved using f u l l  nose down point ing throughout t h e  
run. T h i s  allowed considerably more ground clearance during low-level 
passes. 
ve loc i ty  veator  was not being changed. 
was possible  t o  use  the  mode t o  mimic the  t r ans l a t ion  mode's crosswind 
cancel l ing capab i l i t y  with higher responsiveness. 
by es tab l i sh ing  a crab i n  the  normal manner t o  counter t he  crosswind 
and allow the f l i g h t  path t o  c ross  the ta rge t .  
was used to a l i g n  the  nose with t h e  resultant ve loc i ty  vector  giving 
t h e  p i l o t  a good HUD s ight - ta rge t  p ic ture .  
Zn the  f i r s t  method the  
The 
For bombing, t h e  point ing modes were not  appropriate  s ince  t h e  
There was one exception. It 
This was accomplished 
Then yaw point ing 
Longitudinal t r ans l a t ion  was useful  i n  the  power approach f a r  
maintaining a desired g l i d e  path. However, due t o  t h e  l imi ted  
au thor i ty  and slow response,f t  was not s a t i s f a c t o r y  f o r  s t r a f i n g  o r  
bombing, In addi t ion,  the normal longi tudina l  command provided adequate 
con t ro l  f o r  these tasks ,  
fo r  crosswind car rec t ions  during both landing approach and d ive  bombing. 
It could a l s o  be used t o  a t t a c k  moving t a r g e t s  from an approach 
perpendicular t o  t h e  t a r g e t ' s  motion, 
requirement t o  hold a constant  button force  during mode usage were 
considered drawbacks o f  these two modes. 
The l a t e r a l  t r ans l a t ion  capab i l i t y  was useful  
Slowness of response and the  
SIMULATION INVESTIGATION 
Resu l t s  o f  the  f l i g h t  t e s t i n g  showed the need fo r  add i t iona l  
unconventional cont ro l  mode s tud ie s ,  P i l o t  comments c l e a r l y  indicated the 
capab i l i t y  provided by the unconventional modes had the  p o t e n t i a l  f o r  
improving the a i r c r a f t  's effect iveness ,  but some aspac ts of the p a r t i c u l a r  
implementation on the  test vehic le  were unsat isfactory.  The two-axis 
force  button selected a f t e r  evaluation o f  seve ra l  t y p e s  of c o n t r o l l e r s  i n  
a fixed-base simulation at  General Dynamics provided adequate f o r  
engineering evaluations but lacking fo r  opera t iona l  usage. 
a u t h o r i t i e s ,  responses and mechanizations were found t o  be inadequate fo r  
t racking and weapon delivery tasks ,  
extremely ambitious i n  terms of f l i g h t  rate. 
from baing accomplished t o  the  CCV hardware except t o  s a t i s f y  safety-of- 
f l i g h t  requirements. As a result of these f indings,  t he  F l igh t  Control 
Division o f  the  Fl ight  Rynamics Laboratory i n i t i a t e d  an extensive 
simulation invest igat ion to  be conducted on the Large Amplitude M u l t i -  
mode Aerospace Research Simulator (LAMARS) shown i n  Figure 13. LAMARS 
comprises part oE t h e  Fl ight  Dynamics Laboratory's Engineering F l ight  
Simulation i ' ac i l i ty  at: Wright-Patterson. The sphere,  containing a s ing le  
place cockpit ,  and the 30 f t ,  support beam a r e  computer cont ro l led  t o  
provide r e a l i s t i c  cockpit  motion cuesr Tho p i l o t ' s  v i sua l  d i s p l a y  i s  
Various mode 
The f l i g h t  t e a t  e f f o r t  had been 
This r e s t r i c t e d  modifications 
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projected on the  i n t e r i o r  of the  20 f t .  sphere. 
sky/earth image o r  projection of terrain features  from one of two 15 ft. 
by 48 f t .  t e r r a i n  boards. 
included f o r  combat simulations. 
266 degree horizontal  and 108 degree vertical f i e l d  of view. 
capabi l i ty  of the simulator is l i s t e d  in Figure 14. A hybrid computing 
system forms the core of the  simulation f a c i l i t y .  Nonlinear aerodynamics 
and the complete YF-16 and auxiliary CCV control  system have been modeled 
on the  computers. 
It can be e i t h e r  a s imple 
An air-to-air  t a rge t  a i r c r a f t  projector is also 
The spherical  contour provides a maximum 
Motion 
Fig 13  LAMARS Faci l i ty  
Major emphasis of the simulation program w i l l  be the development o f  
Task-Oriented CCV control  modes. 
d i f fe ren t  approaches i n  the  investigation of unconventional a i r c r a f t  
maneuvering capabi l i t i es .  
modifications t o  the  CCV modes as they were implemented on the  YF-16. 
This approach i e  aimed a t  resolving basic  problems/ehortcominge 
highlighted during the f l i g h t  test program, 
lis ted below: 
The LAMARS e f f o r t  w i l l  pursue two 
The f i r s t  w i l l  be concerned with minor 
Candidate changes are 
CCV controller: gradient var ia t ions 
Alternate gain scheduling 
O Integral  commend of pointing and translation modes 
O Mode author i ty  matching and t a i l o r i n g  
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Fig 14 LAMARS Motion Capabi l i ty  
The gradient  va r i a t ions  and gain scheduling are both intended to  
reduce mode s e n s i t i v i t y  evident i n  the air-ta-ground tasks .  
mechanization would allow "pulse" type  inputs  without requi r ing  the  p i l o t  
t o  hold CCV commands during a t racking task. Unfortunately, t h i s  
quickly results i n  mode au tho r i ty  sa tura t ion ,  
technique is needed i n  which adverse pipper motion does not  r e s u l t .  
o rder  to develop "pure" CCV modes and insure sa fe ty  from f a i l u r e s  with 
the l imi ted  redundancy employed i n  f l ight ;  test, r a the r  severe 
r e s t r i c t i o n s  were placed on seve ra l  modes. 
obtaining "useful" modes by reducing these r e s t r i c t i o n s  such as bank 
angle  and a l i m i t s  and accepting impure responses, In the  interest of 
providing the  p i l o t  with a useful  too l ,  au tho r i ty  of t h e  modes w i l l  be 
t a i lo red  t o  the  operat ional  task and matched i n  both axes f o r  cont ro l  
harmony. 
gun-sight systems t o  ascertain the benef i t s  and problems assoc ia ted  with 
such use. 
An i n t eg ra l  
A trim type follow-up 
In 
The emphasis w i l l  now be on 
In addi t ion,  t he  CCV modes w i l l  be evaluated with several HUD 
The second approach involves alternate methods of providing the  CCV 
c a p a b i l i t i e s  t o  the p i l o t  and new cont ro l  l a w  s t ruc tu res ,  
considerat ion of t he  following techniques: 
It Includes 
Blended modes using only the  YF-16 s i d e s t i c k  
O Weapon-line s t a b i l i z a t i o n  and Improved g u s t  a l l e v i a t i o n  
O Closed-loop ve loc i ty  command 
Based on the  acceptance by the p i l o t  of t he  maneuver enhancement 
mechanization and the f a c t  t h a t  p i l o t  workload was a c t u a l l y  increased 
with the  addi t ion  of another con t ro l l e r  in the  cockpi t ,  blending of CCV 
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modes with the basic aircraft controls is needed. 
result in adverse transients on initial cormnand or when reaching maximum 
CCV authority. 
inputs to prevent combat maneuvering with residual canard or flaperon 
deflections. The mode to be blended will be selected based on its 
usefulness in the particular mission phase being flown, 
being considered included frequency selective separation of CCV versus 
conventional stick inputs using filter techniques and separation based 
on detected command magnitude and rate. In both cases gradual removal 
of the CCV mode in steady state is required. 
allowing placement of CCV command gradient within the basic control 
system stick force gradient is also being examined. 
would provide the CCV capability as a vernier control for the pilot 
while allowing normal aircraft maneuvering for large inputs. 
recentering scheme must allow full aircraft capability to be coanuanded 
and must not produce an unacceptable stick force per "g" relationship. 
Such blending must not 
In addition, a means must be provided to washout CCV 
The techniques 
A recentering technique 
Such a technique 
Such a 
Work is being conducted to arrive at an optimum design of maneuver 
enhancement to provide weapon-line stabilization for improved gunnery. 
In this application the primary design objective is faster acquisition 
and better tracking as opposed to simply quickened maneuvering response. 
Changes to improve the gust alleviation capability are also being 
Studied, but the focus is on reducing pipper disturbance rather than 
improving ride quality. 
Closed-loop design providing a velocity command system for the 
translation modes is aimed at faster mode response and the elimination 
of coasting. With such a design, the pilot would command vertical or 
side velocity instead of flaperon or canard deFlection. 
system positions the surfaces as needed to develop or cancel independent 
translations. 
precise positioning and possibly allow application to combat maneuvering. 
The control 
This would improve mode usefulness in tasks requiring 
The flight test also accented the need for more operationally 
oriented evaluation techniques. The HQDT constant "g" and WUT tracking 
maneuvers far 20 to 30 seconds are not reasonable for representation of 
the air-to-air combat situation. Although providing useful information 
on basic control characteristics in a tracking task, it i s  not well 
suited for task-oriented design. In an effort to solve this problem, 
the LAMARS simulation will be using various weapon delivery ecoring 
techniques based on aircraft position, target location and munition 
ballistics. 
purposes. 
task evaluation of the CCV modes have ala0 been developed. 
However, HQDT type data will be taken for correlative 
Target aircraft combat algorithms to allow realistic operational 
CONCLUSIONS 
Flight testing of the Fighter CCV has provided valuable insight into 
the implications to manual control of uncoupled aircraft motions. 
pronounced learning curve was encountered due to the very unusual 
maneuvers poaaible with the CCV modes in the flight evaluation. 
A 
While 
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providing addi t iona l  capabi l i ty ,  t he  open-loop modes sometimes r e su l t ed  i n  
an increase  i n  p i l o t  workload with t h e  addi t ion  of  another con t ro l l e r .  
Use of rudder pedals f o r  
during a l l  evaluat ion tasks .  Although requi r ing  optimization, the  
blending technique was r ead i ly  accepted by the  p i l o t .  The f l i g h t  test 
program demonstrated the  f e a s i b i l i t y  of decoupled a i r c r a f t  cont ro l  and 
ve r i f i ed  predicted performance levels. It a l s o  provided an ind ica t ion  
of the  usefulness of these new cont ro l  modes i n  opera t iona l  tasks.  
command was na tu ra l  f o r  t he  p i l o t .  The one 
blended closed-loop mode, %a neuver Enhancement,was found t o  be bene f i c i a l  
The urgent need f o r  task-oriented con t ro l  mode inves t iga t ions  was 
c l e a r l y  indicated during the test program. 
from an engineering standpoint of obtaining "pure" motion with w e l l -  
behaved responses and maximum capab i l i t y  throughout t he  f l i g h t  envelope. 
Emphasis must  now be placed on designing to the  s p e c i f i c  t a sk  appl ica t ion .  
Through the  use of AFFDL's l a rge  moving-base s imulator  and lessons  learned 
from f l i g h t  t e s t ing ,  engineering e f f o r t s  are underway t o  provide CCV 
c a p a b i l i t i e s  t o  the p i l o t  i n  a manner t h a t  w i l l  s i g n i f i c a n t l y  improve 
f i g h t e r  a i r c r a f t  effect iveness .  P r io r  t o  adaptat ion i n  fu tu re  designs,  
these c a p a b i l i t i e s  mus t  be provided i n  ways which do not complicate t h e  
manual cont ro l  task. 
p i l o t  is provided with var ious predetermined combinations of conventional 
and CCV cont ro l  t a i lo red  t o  the  s p e c i f i c  mission phase. 
The CCV modes were implemented 
A multimode approach is indicated i n  which the  
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P I  LOT-OPT I MAL AUGFIf NTATI ON SY NTHES IS 
David K. Schmidt 
School o f  Aeronautics and Astronautics 
Purdue Unt vers i ty  
West Lafayette, Indiana 47907 
Abstract 
Given adequate open-loop speciffcations, f o r  example, a i r c r a f t  handling 
qual i t ies  c r i t e r fa ,  design techniques, pa r t i cu la r l y  modern control approaches, 
are avai lable t o  the system designer f o r  synthesizfng even the most complex 
f l i g h t  control systems. Unfortunately, however, weaknesses ex i s t  i n  the 
handling qual i t ies  areas, pa r t i cu la r l y  for "non-conventional'' a i r c r a f t  such 
as V/STOL and control configured vehicles (CCV's ) .  I n  t h i s  paper, an aug- 
mentation synthesis method usable i n  the absence o f  quant i tat ive handling 
qual i t ies  specifications, and yet  e x p l i c i t l y  including design objectives 
based on p i l o to ra t i ng  concepts, w i l l  be presented, The algorithm involves 
the unique approach o f  simultaneously solving f o r  the s t a b i l i t y  augmentation 
system (SAS) gains, p i l o t  equalization and p i l o t  r a t i n g  predict ion v ia  op t i -  
mal control techniques. S4multaneous solut ion i s  required i n  t h i s  case sfnce 
the p i l o t  model (gains, etc.) depends upon the augmented plant dynamics, and 
the augmentation I s  obviously not a p r i o r i  known. Another special feature 
i s  the use o f  the p i l o t ' s  objective function (from which the p i l o t  model 
evolves) t o  design the SAS. 
I ntroduc t ton 
Given adequate design specifications, or a l r c r a f t  handling qual i t les  
c r i t e r i a ,  and a v a l i d  system model , design techniques, p s r t i c u l a r l y  modern 
control approaches, are avai lable t o  the system designer for synthesizing 
even the most complex f l i g h t  control systems, Unfortunately, however, weak- 
nesses ex i s t  i n  the design speci f icat ion area for non-conventional a i r c r a f t  
such as V/STOL and control configured vehicles ( C C V ' s ) .  The assertion here 
I s  that  due t o  the "non-conventional," mu1 t i - va r iab le  nature o f  the vehicle 
(and the p i l o t i n g  task I n  the case o f  V/STOL), and due t o  the anticipated 
complexity o f  the systems involved, a "non-conventional'' approach t a  the 
control design problem i s  worthy o f  investigation. 
Since p i l o t  acceptance i s  the ult imate c r i t e r i a ,  i n  the absence o f  p r f o r  
p i l o t  opinion ilcf must predict  p i l o t  rat ing, This i s  i n  contrast t o  design 
methods which attcmpt t o  a p r i o r  
model-following design technigurh9, t ha t  is ,  design the augnentatlon so the 
au ented s y s t m  w l l l  behave l i k e  the "good" model . One major drawback t o  
c f ine "good" dynamics, and then use a 
& O r ,  
t h  P s approach i s  that  one i s  never sure that the p i l o t  w i l l  agree w i th  the 
$m h l o N A u Y  we 
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designers choice o f  "good' dynamics , 
To predict p i l o t  rating, some form o f  p i l o t  model i s  required and two 
types o f  p i l o t  models exis 
describing-function madelsti] and optimal control modclstfg. I t  i s  f e l t  
that for  the problem a t  hand the optimal-control p i l o t  model i s  ideal, I t  
i s  m r e  compatible with the multi-variable aspects o f  the problerr, and the 
advanced control design techniques already existing. Also, the form o f  
the pf lo ts  equalization network i s  automatically determined, a very impor- 
tant property I n  th is  case. 
Each have been used extens v ly; they include 
Both p i l o t  modeling approaches have been used primari ly t o  study 
closed-loop system performance. Recent application r as for the optlmal15~ 
and the s t a b i l i t y  o f  the p i l o t  a i r c ra f t  system i n  maneuvering f l i g h t  
However, any o tab i l i  ty augmentation systems i n  these studies were designed 
i n i t i a l l y ,  from handling c r i t e r i a  fo r  example, then the system performance 
evaluated as a separate step. That is,  the SAS was designed f i r s t  using 
the conventional approaches (e,g. , pote placement) , then the p i l o t  model 
was added around the augmented system t o  evaluate "piloted" system perfor- 
IUaRCC 0 
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control model include low-visabi l i ty landing o f  CTOL e4!i and STOL air r ft 
Alternate approaches include the p i l o t  as part o f  the plantcf), then 
the SAS design proceeds for the "pilot-augmented" plant. Buy the form o f  
the p t l o t  mde l  must be assumed before beginntng this design process, an 
undesirable s l tuat ion for systems with non-conventional plant dynamics e 
The p i l o t  t s  known t o  adapt his gain and form o f  equalization t o  the plant 
and task, but selecting the p l l o t  nodel 8 p r l o r i  would tend t o  imply 
knowledge o f  and invariance o f  the fom o f  p l l o t  model. Hence, the form of 
the p i l o t  model should be determined as an integrated part o f  the system 
design, As stated previously, th ls  i s  natural ly accomplished with the 
opttmrl-control p i l o t  nodel 
to  predict p i l o t  oplnion. The nos t  notable o f  these techniques, p b j l e d  t o  
the V T O l  hover task, was the 'papep p i l o t "  developed by Anderson[ I n  
th is  approach, parameters Sn the p i l o t  describlng function o f  assumed form 
are chosen such that d p i l o t - ra t l n  m t r i c  i s  minimitad, This metric con- 
s l s t s  o f  a WIIPU~~ of performance P hg., ms tracking error), and a masure 
o f  p i l o t  workload [a .g . ,  the a ~ y a j  of lead the p i l o t  must introduce). In 
an assessment of th is  technique i t  was found that a p l l o t  ra t ing func- 
t ional based on easi ly measured m t l o n  quantitiss wa5 adequate fo r  p l l o t  
optnton prediction, However, the proposed p i l o t  model was found t o  rcqulre 
sm rddi t lons for better system pr r fomnce predictions, Notably, thase 
inprovemts included modlt icrt ion fn  form (describing function) and tb 
additfon o f  the p i lo t ' s  remnant (or the "wndm" port ion o f  the p l lo t ' s  con- 
tml input,) Hence, again we 8ee the problms created by imposing an aswaed 
form of the p i  lo t ' s  describing function a 
An analytlcal p l l o t  model has also been used, although not as frequently, 
This problaw would a r t o  be akv iated by the use o f  the optimal pl- 
l o t  mdsl  , In fact, Hers roof hrs found that the optfmal control model can 
be used equally well for pmdict ing p l l o t  opinion, and hus used this approach 
i n  analyt ical  display design fo r  hel icopters 1129131. Use o f  the optimal 
p i l o t  model f o r  p i l o t  ra t i ng  allows f o r  B natural p i l o t - r a t i n g  metric 
v ia  the p i l o t  model objective function. Proper selection, basad on the 
task, o f  the state and control weights i n  the objective function pro- 
vides f o r  the determination o f  the p i l o t  gains, equalization, and p i l o t  
ra t ing predict ion simultaneously. As we have mentioned previously, t h i s  
i s  a very tmportant point i n  dealing wi th  systems with non-conventional 
dynamics f o r  which the p i l o t ' s  describing function may not be known. If 
t h f s  approach i s  now integrated with the SAS design problem, a proposed 
design procedure resul ts  e 
The P i l o t  Model 
As presented i n  Reference 3, the optimal p i l o t  model evolves from the 
assumption that  the welt-trained, well-motivated p i l o t  selects h i s  control 
input(s), 0 , subject t o  human l imi ta t ions,  such that the fol lowing ob- 
j ac t i ve  i s  hn imi tad,  - 
The dynamic system being control led by the p i l o t  i s  described by the famil iar 
t i ntar re la t i on  
3 . cii 
where k i s  the system state vector, 3, the p i l o t  control vector, p the out- 
put vector, and 0 i s  the vector o f  zero-mean external dlsturbances with co- 
va r) a nce 
Elk( t)G' ( t i e ) )  a Us( e) 
Included as human I tmi ta t ions are observation delay, T *  and observation noisQ1 
B e So tha p i l o t  actua l ly  perceiver the noise-conta!ninated, delayed states, 
Otr 
The covwlanca o f  the terO-lR(fun observation n o i s t  may include the ef fects  
o f  perception thresholds and r t t t n t i o n  r l locat ion,  and i s  denoted 
., - 
Oefining the augmnted state vector, x 
o r  the p i l o t ' s  control i s  given as 
col[ii,iip), the solut ion t o  the problem, 
where Kp i s  the pos i t i ve  de f i n i t e  so lu t ion  t o  the R icca t i  equation 
t K P O  B G - ~ B ~ ~ K ~  = R P 
It w i l l  be convenient t o  p a r t i t i o n  K, such t h a t  
and note tha t  now the equations f o r  the optimal cont ro l  ip* i s  
n 
or a l i n e a r  feedback o f  the  best estimate of the  state,  R, and some cont ro l  
dynamics. (These contro l  d namics have been shown t o  be equivalent t o  the 
p i l o t ' s  neuro-muscular lag. 3 
NOW, the s ta te  estimator consists o f  a Kalman f i l t e r  and a least-mean 
square predictor,  or 
A - C R ( ~ - T ) ]  + Bp$( t - r )  
P 
+To model the p i l o t ' s  remnant, motor noise i s  usua l ly  added t o  the cont ro l  
equation. The f i n a l  p i l o t ' s  cont ro l  i s  represented by 
where 
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with = A 'j + B f*  
P P P  
and the estimation error  covariance matrix c i s  the solut ion o f  the Riccat i  
equation 
A c + x A i . +  W - CC 'V"C L = [O] 
P P Y P  
This system of equations, when solved, determines the optimal-control p i l o t  
model. 
Final ly,  as noted previously, Hess has found tha t  when the weightings 
on the state and control (i.e., Q anf R) i n  the p i l o t ' s  objective function 
are appropriately selected, the resul t ing magnitude o f  the p i l o t s  objective 
function, a f t e r  solving for the p i l o t  model, i s  strongly correlated w i th  the 
p i l o t ' s  r a t i n g  o f  the vehicle and task. I f  the p i l o t  ra t i ng  i s  given i n  the 
Coopev-Harper system, the re la t i on  i s  
P i l o t  Rating (PR) = 2.53 i n  (10 Jp) + 0.28 
NOW, through t h i s  re la t i on  and the solut ion o f  the p i l o t  model above, we now 
have not only a p i lo t -cont ro l  model but a predict ion o f  the p i l o t ' s  r a t i n g  o f  
the dynamic system. 
Augmentation Synthesi s Met hod 
In the determination of the p i l o t  model parameters above, we have ex- 
pressed the system dynamics i n  terms o f  the matrices Ap and Bp. However, 
since the augmentation has not been defined, the augmented plant, Ap and 
Bp i s  as yet  unknown. 
Consider the un-augmented plant dynamics t o  be described by 
i = A 2  + B i  + ij 
where, as before, 2 i s  the system state vector and i s  the same disturbance 
vector. However, A and B are now the un-augmented system matrices, and U i s  
the control input vector. Now, the to ta l  control input t o  the plant w i l l  i n -  
clude p i l o t  input, Op, plus augmentation input, iSAS, o r  
Further, from the p i l o t  model, we know that although the feedback gains 
G-1K ) have not been determined, the p i l o t ' s  control input 
p4 
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h 
Now, the estimate o f  the s ta te ,  i ,  can be expressed i n  terms of the true 
s ta te  plus some estimation error, 5,  or 
By treating this error as another disturbance, , we can write the p i lo t ' s  control equation as P 
(Note, the disturbance term, G, can also include the pilot's remnant as 
well.) Combining this relation w i t h  the p l a n t  dynamic and pilot  equations 
we have 
where = col[i,f 1. 
- We now may proceed to determine an objective function for determining 
%AS ' 
From the correlation between pilot  rating and the pi lot ' s  objective 
function we clearly see t h a t  the best (I .@.,  lowest) pilot  rating implies 
the lowest pilot  objective function. Therefore, for optimum p i l o t  rating, 
the control OSAS should be chosen t o  minimize J as defined i n  the pilot  
rating method. (This method defines the sfate  and control weights, 
Q and R, as the inverse of  the maximum allowable deviations i n  the variables 
as perceived by the pilot.) Finally, to preclude inf ini te  augmentation 
gains, we must also penalize augmentation control energy. Therefore, the 
augmentation i s  chosen t o  minimize 
P 
T * Jp  + E {lim 7 1 j 0  G i A s  F is, d t )  
')SAS T- 
or 
P' 
and Q, R ,  and G are as chosen i n  the pi lot ' s  objective function, J 
This may be written as 
21 7 
. T  
where 
and instead o f  Equation 3 being subst i tu ted f o r  3 i n  the above JSAS, we have 
invoked a s o r t  o f  separation p r i n c i p l e  and subst i  e uted the  r e l a t i o n  
The j u s t i f i c a t i o n  f o r  t h i s  r e l a t i o n  being used l i e s  i n  the f a c t  t h a t  we wish 
t o  synthesize the augmentation based on how the p i l o t  i s  t r y i n g  t o  perform 
the cont ro l  funct ion ra ther  than on how the p i l o t  i s  capable o f  doing so. 
the problem i s  now stated i n  conventional form, except Kp and K 
undetermined o f  course, I f  we assume, f o r  example, f u l l  statep4 feedback, 
the so lu t i on  o f  t h i s  problem i s  known t o  be 
With t h i s  ob jec t ive  funct ion and the system dynamics given in Equation 4, 
are as y e t  
o r  
where 
i s  the so lu t ion  t o  the R icca t i  equation 
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We see i n  t h i s  expression tha t  the solut ion f o r  KSAS obviously depends 
on Kp (o r  K and K 1. Returning t o  the Riccati  equation f o r  the p i l o t  
gain (Equathn 21, !8 also see tha t  t ha t  equation depends i n  turn on the 
SAS gains (o r  KSAS) since the p i l o t  Riccat i  equation involves the augmented 
plant matrices Ap and Bp. As a resu l t  of the SAS design procedure j u s t  pre- 
sented, we now know? however, the SAS structure. Returning t o  the p i l o t  
model, we may now include t h i s  SAS structure speci f ica l ly ,  so tha t  Ap and Bp 
(as i n  Equation 1) may i n  fact be expressed as 
-1 Ap = A - BF B'KSAS 
1 
and Bp = B(I - F-'B'KSASZ) 
Substi tut ing these expressions i n  the p i l o t  Riccat i  equation y ie lds two 
coupled Riccati  equations, one f o r  the p i l o t  gains, Equation 2, and one f o r  
the SAS gains, Equation 5. These may be solved simultaneously f o r  KSAS and 
K by integrat ing both equations backward. Note tha t  t h i s  solut ion does not 
iRvolve a two-point-boundary-value problem. The system i s  represented i n  
Figure 1. 
A Simp1 e Numeri cal Example. 
Consider a simple tracking task w i th  the control led element (p lant )  dy- 
namics considered i n  Ref e 11, 
The command signal, Be, i s  white noise, w, passed through the f i l t e r  
ec(s)/w(s) = 3.67/(s2 t 3s t 2.25) 
and E(w) - 0, a; = 1.0 
I f  we define the state vector as = c01(e~,6~,e,6), we have the plant 
where 
0 1 0  
0 0 0  
0 03' 0 0  O 
B '  = [O,O,O,ll.7) 
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For t h i s  system, e r r o r  and e r r o r  r a t e  are perceived by the p i l o t  o r  
The performance index, chosen consistent w i t h  Hess's r a t i n g  hypothesis i s  - 
and g i s  chosen t o  y i e l d  a neuromuscular lag,  ~ / T N  = Gm1Kp4 = lo . ,  o r  TN = 
0.1 seconds. Unagumented, the  p i l o t  R icca t i  equations are solved wi th the 
fo l lowing noise s t a t i s t i c s  (human l i m i t a t i o n s )  
1) Equal a t ten t i on  a l l oca t i on  between e r r o r  and e r r o r  ra te.  
2) Observation thresholds on e r ro r  and e r r o r  r a t e  = 0.5(units o f  d isp lay  
d i  spl acement . ) 
3) Sensor noise, ( V  ) /E(yi) = -20dB i=1,2 -1 
4) Motor noise, (Vuf/i[u$) = -20db, where uc= -G KP3x 
5) Observation delay, T = 0.1 seconds 
The "p i lo ted"  system performance i s  given i n  the fo l low ing  table.  
2 
. Table 1 , Un-augmented System Performance 
P.R. 
6.9* (ec -e) rms hP rms - JP -rir 1.39 
* This p i l o t  r a t i n g  has been v e r i f i e d  by experiment 
Assuming f u l  l - s t a t e  feedback, the augmentation cont ro l  law i s  
The SAS ob jec t ive  funct ion i s  - 
so the p i l o ted  plant,  inc lud ing  augmentation w i l l  be 
where 
* 
= A$ + Bpsp + 3.67; 
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Ap = 
1. 
- 0  1. 0 
-2.25 -3. 0 
0 0 0 
-11 .7K1 -11 .7K2 -11.7K3 
0; = [O,O,O,ll .7(1-K6)J 
Solv ing the p i l o t  and SAS Riccat4 equations simultaneously, and then de- 
termining p i l o t e d  system performance as before y i e l d s  the r e s u l t s  given 
i n  the fo l lowing table. 
Table 2 Augmented System Performance 
P.R.** - JP * (ec - e) rms 6p rms -f - 
100.0 1.10 0.89 1.21 6.6 
10.0 0.79 0.61 0.62 4.9 
1.0 0.38 0.35 0.15 1.3 
~ - -~ -~ ~~ ~ _ _ _ ~  -~ 
P' 
* 
** 
The augmentation gains, K1 - K4 and Kg, f o r  the  three cases above are given 
i n  Table 3,  along w i t h  the augmented p lan t  eigenvalues, 
Note t h i s  i s  the numerical value o f  the p i l o t ' s  ob jec t ive  function, J 
not  JSAS. 
Predicted p i l o t  r a t i n g  based on Jp.  
Table 3 Augmentation Gains 
e f - K1 - K2 - K3 - K4 - Kg P1 ant  Eigenvalues* 
100.0 -.009 -,002 ,009 ,003 ,004 -.0175331 j 
10, -.078 -,016 ,084 .024 .336 - .1.42+, I 982 j 
1. -,513 -.090 ,542 .130 .155 - . 75822.40 j 
~ ~- ~ - * Not inc lud ing  noise f i l t e r  eigenvalues o f  course. 
Summary 
I n  summaryl we have c i t e d  the fl ight-dynamic and cont ro l  problems of 
non-conventional f l i g h t  vehic les (V/STOL and CCV) due t o  the complexity of 
augmentation r*equired and the lack of handling q u a l i t i e s  object ives.  We 
have presented a methodology intended t o  be su i tab le  f o r  t h i s  type o f  pro- 
blem. The method uses an optimal cont ro l  p i l o t  modelB no t  on ly  t o  p red ic t  
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p i l o ted  performance but p i l o t  r a t i n g  as well .  With the optimal-control model 
structure, we were able t o  formulate the augmentation synthesis problem as 
an optimal control problem w i th  the parameters i n  p lant  matrices depending 
on the p i l o t  model, and vice versa. This necessitates simultaneous so lut ion 
o f  the two ( p i l o t  and augmentation) problems, IJe have included the form o f  
the so lut ion under the assumption of f u l l - s t z t e  variable feedback and no 
measurement noise, and a simple numerical example. 
The f i r s t  extension t o  be addressed w i l l  be the solut ion f o r  the case o f  
l im i ted  state feedback. This case i s  actua l ly  closer t o  pure p lant  augmen- 
t a t i o n  than the case addressed here. I n  our solut ion, and i n  the example, we 
have closed the tracking loop, and pure plant augmentation would only feed 
back plant states, However, the primary purpose o f  our discussion here was 
t o  provide the problem structure which would be unchanged regardless o f  aug- 
mentatiqn approach, 
Further extensions w i l l  also include the cases w i th  state estimation, 
w i th  and without measurement noise. Also, the necessity o f  pre-tuning the 
p i l o t  model w i l l  be investigated, 
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PREDICTION, EVALUATION, AND SPECIFICATION OF 
FLYING QUALlTlES BY MEANS OF STEP 
TARGET TRACKING 
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ABSTRACT 
A new appraaoh to flying qualities specification and evaluation 18 presented 
which coordinates current research in the areas of pilot ratlngr, pilot-aircraft 
modeling techniques, and simulation and flight test procedurerr. A time-domain pilot 
model Is desoribed whlch   an model disaontinuoua and nonlinear pilot behavlor In 
conjunction with completely general time-varying nonlinear aircraft models to rimu- 
Iato dlsurete manuevers. This pilot-aircraft model is applied to an existing set of 
in-flight simulation data, and oaloulates tracking error and the-on-target atatirtics 
for step target tracking that directly relate to the reported pilot comment8 and ratingr. 
Predicted etep target tracking data for eighteen F-6E flight canditions are prerented, 
and the use of the method far control system &sign ir demonstrated using the YF-17. 
INTRODUCTION 
Pilot ratings ond pilot comments often refer b two baslo klnds of evdurtion: 
1) How well can the aircraft be made to perform? 
2) How hard l e  the taak to carry out? 
Shoe these two queetlms am aakad simultaneourly by the Cooper-Haqm 
decision tree employed by the pilot in assignlng a rrtlng, performom and pilot work- 
load are combined Into a single rcalar quantity, the rating, PIlot ratlng prediction 
formulas have been developed that weight nermallzed shtistlual performance, usunlly 
an rmr tracking error, along with ur asrumad correlate of pllot workload, ouch a8 the 
pilot lead compenertion conrturt. Although those method8 have correlated well wlth 
steady state tracking dah, the predictive and practical rapeots of thio approroh have 
yet to be demonstrated, ospecially in view of the simplifiuatlons required In t a l  
descriptions and system models. One boslc problem wlth these appraaoherr Is  that 
pilot model parameters of lead, reserve attentla as defined by acldltionrl task 
1 -  
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requiremen& on the pilot, or other Identitictbto pilot oharaoteri8ttios are diffioult to 
relate qumtltativety to pltot comments, Purthermom, the Iimttatkm of pitot madst 
analysis to steady sate rtatistios of a limcrrtzed pilot-afrordt mods1 preQlub8 onotyrrir 
of discrete flight teat rnIUlfrUVgr8 rrwh arr wind-up tun8 aid atap target traaking. 
Purtharmors, a8 tho control ohraatertrttar of advanced taatioal airoraft dsprnrd 
inareasingly lese OR the dynamlas of the bare uriaugmented airframe, the existing mh- 
tlona of handtlng quallties evaluatlort parameterr t@ airframe dynamlos beowe leas 
rellabla. Sinos moat flyhg quallties evaluation and upgolfloation method8 depend upon 
thts oorrelatlon between airframe parameters and pilot ratings, there a m  now aarlou8 
daflolenoies In existing design ortterla. Mt L-F-87868, Millbay Speoifloatlon, Flying 
QualPtles of Pllotsd Airpianerr, Refarenoa 1, pmrentu boundaria8 of aooeptrma In term8 
of suak quantitlas aa short pclrlod froquenay and damping. There oritelria have k n  
obtalned through operational elcgatienoe wtth target number8 of past and ourrant alaomft, 
and gracrant values at rrlrframs perunetere that aorralata with pilot rrtingr. 
Relsrenacra 2 and 3 prment a utmpk and dtrset method for svaluattnng the per- 
formanas of a trotlor1 atrocaft performing D dleorete step target t making maneuver, 
This agprorcth Qaloulatm traaking draw and time-on4rrgst ttcrtlstloe fop rbp target 
traoking in a way that ir dlrwtly relatad to bath pilot ratings and somrnantt, As an ' 
llluetrartion of this tahniqua, the clebLnltIve in-flight rtmulatlon study of lhgitudfnal fly- 
ing qualitlei, prfQrmsd by Neal and Smith, Rsfaranoe 4, was anatytad In Lsrmr sl step 
target traoking, 
The sbjmttw o l  this paper to eumrmrrlza Rderenatw 2 and 3 nnd to pmnent 
furtbr & U s  and applioatlcwrs of thls fbtng qualities prsdiotlon and ctvalucrtlon method 
by demonstrating YF- 17 uontrol eyrtchm clerlgn Emprsvrmmt. 
to raspond well to ruoh dlstrete corwttonr In 8 rhort trrrcklng tlmcl is therefore of 
g m t  lmportanoe to flying qunlltier anrlyrls. This iu prrtioulrrly trw In w e t  track- 
ing where the trrpt rnurt flnt be acqulmd and then prealrely tracked, 
It 11 olmr that the objwtlver of qulok inltlat response and prwise tracking onae 
the target ir acquired are to some de- agporad, If the pllot pulls the 8 h l ~ k e  toward 
the krget too rapidly, unwrnted overrhoot and owilt8ttion r h t  the tai'get may moult. 
On tho other hnnd, pulling too rlbwly to the target may lead to #tea@ traoktg but with 
a penalty of unacoq#ably stow target aaqulritlon. The abitity to Invertlgate thir a m -  
promioe and W l o t  how well the mrail tabk can be achieved for a given airaraft Ir 
tho prlmary advantage of wing time-domain pilot models to investigate step target 
ttcroklng, 
Consider a target that ru$dentl$. appear8 above rbady-etate trim pitoh for the 
trraking airoraft, The pttet seer the target mnd Lnltlrter 8 pull-up. At wme point, say 
P ewmd8 Into the mneuver* he wlll porrlbly ohange the nature of hie control to Initlate 
prOcIS8lOn tracking and reduce 8teady-Otate errors, By repeatedly flying this maneuver, 
he will learn just haw muah he oan foro6 8 quick Initla! respanss without produclng over- 
rhoot and oscItl8tion. The parformrnos of thir step target tracking t u k  can then be 
rneasurcrd @ mnw tracking error and time-on-target lor 8 glvon pipper ette and tda! 
tracklng tlmo, 
The Northrop the-domain pllot model, Refemnoo 3, in ret up to perform thtr 
traaking tark in just the way the pltot docn Lt as deaorlbed above. Thlr Eo rhown in 
Figure 1, There w l l l  be two forma far t k  pllot aompensation elevator command 6e: 
one whloh providsa the Inttlal target aquiritton, and the dher d t e r  tima B hat prr@ 
which control8 l lnrl preaLaLon tracking and eliminrtar rim@ state orrorr. There am 
of the form, 
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TRACK TARGET I ACQUIRE TARGET I 
6 
d -
a 
0 
I - 1 -  
I 
I STEP TARGET 
COMMAND e, I ' c * PlPPEAOlAMETER 1 
* I  - 
I t  
0 O 
TIME 6ECt 
Figure 1, Definition of Step Target Tracking Task 
where Oe is pitch angle tracking error  and the subscripts 1 and F refer to initial 
acquisition atid final tracking, respectively. The KIC term represents a pilot's 
avoidance of steady state error by means of integral control. A pilot delay of 
7 = 0.3 sec will be used. 
The following quantities must be adjusted in order to perform a simulation of this 
step tracking task for the evaluation of a given aircraft configuration: 
This adjustment is performed using an optimization principle. For the analysis of 
step target tracking, it will be assumed that the pilot optimizes time-on-target and 
that this leads to the best compromise of rapid target acquisition and steadiness of 
target tracking. The adjustment rule for the pilot model is thus: choose the param- 
eters any way that leads to maximum time-on-target. 
PILOT - AIRCRAFT ANALYSIS OF mNGITUDINAL STEP TARGET TRACKING 
One of the most famtliar and widely employed guides to longitudinal flying qualities 
is the data obtained by Neal and Smith of Cornell Aeronautical Laboratory during an 
in-flight simulation sponsored by the Air Force Flight Dynamics Laboratory in 1970. 
The test matrix included variations in short period frequency, damping, and control 
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system parameters. Flight test evaluation included pitch angle tracking of both random 
and step commands. The reported pilot ratings and pilot comments cover stick forces, 
predictability of response, attitude contr.ol/tracking capability, normal acceleration con- 
trol, effects of random disturbances, and IFR problems. Most pilot comments deal with 
initial response ("predictability of responsell) or precision attitude tracking control 
("attitude control/track ing capability 'I). 
Forty-two configurations, Series 1 through 7, were calculated and presented in 
Reference 3. A pipper diameter of 0.005 radian, a step size of 0.2 radian, and a total 
tracking time of 5 seconds were adopted. Since the system was linear, any choice of 
step and pipper size that preserves the 40 to 1 ratio will lead to the same time-on- 
target and normalized rzns 5 statistics. * 
e 
(RAD) 
0.2 
Figure 2 shows the calculated step tracking response of one of the better configur- 
ations surveyed, 7C, which was given a rating of PR = 1.5. in  th i s  case, the rapid 
acquisition of the target leads to low rms 5. while the steadiness of the precision 
tracking results in large time-on-target. 01 the other hand, Figure 3 shows a poor 
configuration, 1F (PR = 8), that has sluggish response indicated by high rms 9,. Even 
w o k e  is the inability of this configuration to settle out on the target, so that time-on- 
target is mostly achieved during target crossings. Other configurations show a wide ' 
ACQUIRES TARGET STEADY ON 
RAPIDLY - LOW TARGET - LARGE 
RMS 8, TIME-ON-TARGET 
- I 
KPl - 70.0 K ~ F  65.0 TOT f: 2.80 
TLI -.05 TLF = 0 RMSde 5 32 
0 .5 0 PR = 1.5 KIC = 
Figure 2. Configuration 7C Step Tracking Response 
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Kpl 4.6 K ~ F  = 7.0 TOT = .4 
TLI = .2 TLF .5 RMSe, = .47 
0 = 1.5 K ~ c  = 0 PR = 8.0 
- 
SLUGGISH RESPONSE - 
LARGE RMS e, LOW TIME-ON-TARGET 
UNSTEADY TRACKING - 
- 
1 
Figure 3. Configuration 1F Step Tracking Response 
range of specific handling qualities problems; aircraft that exhibit great overshoot and 
others whose steady-state error is diffinult to overcome, even with the use of the 
!ntcgral control compensation. 
The primary objective of the flying qualities specifications, called out in 
MIL-F-8785B, is to establish numerical criteria that define levels of performance in 
terms of pilot ratings: Level 1 - PR 1-3.5, Level 2 - PR 3.5-6.5, and Level 3 - PR 
6.5-9.5. 
It is useful to examine the correlations of the rms t and time-on-target data 
calculated for the Neal and Smith configurations with pilot ratings. The rms  8, data 
are presented in Figure 4, The expected result of increasing pilot rating number with 
increasing rms ee is clearly shown. However, if an attempt is made to draw - spcifi- 
cation boundary as a vertical line at some rrns e, value, in order to specify the per- 
formance in Level 1 or 2, the result is that no lines can be drnwn that do not also in- 
clude many points from the wrong levels. This failure of rmi8 ee to correlate with 
pilot ratings sufficiently well for Specification purpaaea has been frequently noted, 
From the description of the piloted task, it is clear that the rme 8, statistic Is Inci- 
dental, time-on-target being the primary performance.measure. If calculated time- 
on-target is plotted against pilot ratings, there is again a strong correlatlon, as shown 
in Figure 5, Unfortunately, this correlation is even less able to Iurnish specification 
boundaries than the r m s  8, vs pilot rating data. 
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Figure 5, Correlation of Time-On-Target with Pilot Ratings 
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COIUZRELATION OF STEP TAKGET DATA WIT11 NEAL-SMITII 
PILOT RATINGS 
0.50 
0.45 
0.40 
0.35 
0.30 
Froni the above it is clear that the single performance parameters r m s  8, or  
lime-on-target are not sufficient to specify acceptable performance of the Neal and 
Smith configurations. If one considers that the pilot might trade r m s  8 and time-on- 
lnrget against one another in genemting his pilot rating, these statistics become more 
useful, To see how this trade-off may take place, normalized r m s ,  e, is plotted versus 
time-on-target with the point indicated by tlie minimum pilot rating given by a test pilot 
during tlie in-flight simulation. This is shown in Figure 6 along with apparent boun- 
daries that neatly separate the regions of Levels 1, 2, and 3. With the exception of 
seven points out of forty-two, all configurations lie in regions bounded by apparent 
curves that illustrate the trade-off between the two performance measures. These 
curves show, for example, that a pilot will tolerate more sluggish response in  a giveti 
e 
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Figure 6, Pilot Ratiiigs as Functions of rrns 8 and Timo-On-Target e 
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Level if the resulting time-on-target is especially good, and conversely. Since the 
parameters rms 8, and time-on-target correlate with pilot ratings obtained during a 
flight test program that examined various tracking tasks, the representation of target 
tracking by the step target appears to be justified. 
B 
(RAD) 
0.2 
0 
VALIDATiON OF THE STEP TARGET METHOD USING THE F-5E AIRCRAFT 
- 
-I--,-1 ---I_ “ L L I  
Further validation of the method was obtained by comparing F-5E aircraft with 
and without control augmentation at nine flight conditions representative of the primary 
maneuvering envelope. Full data is given in Reference 3 from which the examples 
shown in Figures 7 and 8 are drawn. 
Comparison in Reference 3 of the step tracking responses for each flight condi- 
tion with and without augmenter shows the importance of proper augmentation for good 
tracking reswnse, In the augmented cases, the initial response is faster as reflected 
in the rms  tracking error statistic, while the better damped dynamics lead to larger 
time-on-target values. To demonstrate the validity of the boundaries shown in Fig- 
ure  6 based on the Neal-Smith data, the F-5E response data is plotted on these 
boundaries in Figure 9. Since the augmented F-5E has good Level 1 flying qualities, 
while the unaugmented aircraft may o r  may not meet Level 1 criteria, the Level 1- 
Level 2 boundary is consistent with the F-5E data, In this way, not only do the data of 
Figure 9 show the gradient direction of improving performance which characterized the 
TIME (SEC) 
Kpl = - .49 Koc * - .6 TOT = 2.28 
TL, $3 TLF a .2 RMSB, = .31 
D = .8 KIC = .06 AUGMENTER 
Figure 7. F-5E Case 4 Step Tprget Tracking Response 
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YF-17 CONTROL IMPROVEMENT DESIGN EXAMPLE 
Recently, the step target method was used to evaluate and study possible control 
configuration improvement of the YF-17 aircraft. The baseline aircraft was designed to 
meet the Neal-Smith flight control criteria, but a multi-parameter perturbation of con- 
trol constants has led to improvements in predicted tracking performance. Flight 
simulations are now planned to verify these predictions, which involved only small changes 
in control parameters. 
The predicted improvements are shown for a number of flight conditions in F lyre  
10. Time-on-target and r m s  tracking error are plotted against the boundaries shown in 
Figures G and 9, The tail of each arrow represents the baseline YF-17 as flight tested, 
and the head shows the predicted response of the aircraft with the modified control 
design. It is clear that these small changes in the control parameters have produced 
substantial improvements in the predicted tracking performance. It should also be 
pointed out that these calculations were performed using the full nonlinear YF-17 air- 
craft and control descriptions, 
RMS e, 
0.60 
0.46 
0.40 
0.35 
0.30 
0.25 
LEVEL 2 
LEVEL 1 
*-e--- 
TIME-0N.TARGET 
Figure 10, Predicted In;proven;ent of Baseliao YF-17 
Step Targ'et Truckinp; 
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The tracking improvements ahown in Figure 10 were calculated using the same 
modified control parameters in  each case. The most striking of the time-on-target 
improvements I s  seen by comparing the baseline step response shown in Figure 11 with 
the modified performance shown in Figure 12. The flight condition for this case is 
Mach 0.6 at sea level. 
0.4 
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Figure 11, Step Target Tracking Response of Baseline Y F-17 
Figure 12, Step Target Tracking Response of Modified Y F-17 
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SPECIFICATION OF AIR-TO-AIR TRACKING PERFORMANCE 
The success of the step target tracktng prediction method allows the following rug- 
gesttons for tracking performance specification, For a speeiflcation to be a useful, 
discriminating, and fair criterion for tactical aircraft procurement, the following 
items must be satisfied: 
The specification item must be numerical. 
The specification item must correlate wtth pilot comments and pilot ratinge. 
The specification item must be easily measured in flight test or flight 
simulation. 
The specification ttem must be reliably prer'ktable by analytical means for 
use in early design and development 
The method that prediote the specification item must be applicable in a 
completely standardized form that evaluate8 the most general models of 
the candidate aircraft available. 
The speolfication item milst be valid for all current acoeptable aircraft, and 
must exclude poor or unacceptable aircraft, 
. .dion, 
Unfortunately, these six requirements far military speciftcatlon criteria have 
not all been met by any sbady-state approach to the precision tracking problem, 
However, the transient method of step target tracking potentially satisfies theae 
items, In particular, the step target method has the following characteristics that 
correspond to the requirements lieted'ubove: 
1) The step target method is based on the'numerical menewe of rms  
tracking error and time-on-target a8 shown in Flgure 6. 
The two measures correspond with pilot comments ir; the following way: 2) 
r m s  tracking efrror: Quicknee8 of reapon- nnd over- * 
shoot charaoterlstlcs 
Steadiness on target and precleion 
tracking characteristics 
time-an-target: 
In addition, these two measures strongly correlate with pilot ratings 
obtaiued by Neal and Smith. 
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The use of step target tracking is already an established flight test pro- 
cedure. It is completely standardized and easily tested. 
The step target response is easily prediated for longitudinal step target 
tracking, and the extension to multiaxis target tracking is straightforward. 
The method can be used with all representations of candidate aircraft from 
linear to full nonlinear equations, 
The method clearly establishes performance boundaries for the Neal-Smith 
and F-OE aircraft, The only remaining requirement for MIL-F-8785B in- 
clusion is further validation by current advanced tactical aircraft. 
FINAL REMARKS 
Pilot ratings have been successfully carrelated with regions in the two-dimensional 
space having calculated r m s  tracking error and time-on-target coordinates for the 
in-flight simulation data obtained by Neal and Smith. This shows the generality, 
versatility, and practicality of time-domain pilot models. By demonstrating analytically 
the tradeoff between target acquisition and precise tracking for a short tracking periocl, 
the interre~rtionshlpr of pilot ratings, the dynamics of pilot control compensation, and 
discrete maneuver flight test procedures are made clear, Validation by F-5E aircraft 
8nd a control improvement design study of the YF-17 further demonstrate the use and 
practicality of the method. It i s  expected that future research into multiaxis step tar- 
get tracking will yield similar correlations with flight test data. In  the meantime, the 
time-domain pilot model can be readily used to evaluate a wide variety of continuous and 
discroto tasks encountered in the flying quallt 10s of modern high performance aircraft. 
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USING 
Departmunt of Hechanlcal and Indus t r iaL E w i n e e r l n g  
Coordinated 8c lence  Laboratory 
Universi ty  of I l l i n o i s  
Urbana I l l i n o i s  61801 
The lnf luenoe  of d i f f e r e n t  types of p r e d l o t o r  dlsplcys In a 
l a @ t U d l M l  VTOL hover t a 8 k  is analyzed i n  a t h e o r e t i c a l  s tudy,  It has been 
assumed t h a t  p i t c h  angle  and p o s i t i a ,  w i l l  be presented to the  p i l o t  i n  
separate d i s p l a y s  n m l y  the a t ~ t i f i c l a l  horizon and a posititm d i sp lay .  The 
p r e d i c t i v e  Information i r  c a l c u l a t e d  by m a n 8  of a Taylor serlts. The Pdture  
p l toh  anae is ext rapola ted  0.78 a h a d  and dlaplaysct as an add i t l a r a l  bar, 
whereas t h e  po8l t lon is displayed a8 a n  e x t r a p o l a t e d  path element. This  pa th  
element is approximated by three s t r a i g h t  l i n e  se(pnent8, i . e .  th ree  f u t u r e  
pos i t ion  valuer  are c a l c u l a t e d  w i t h  t h e  end poin t  bein8 2.08 ahead. 
From earlier e x p e r l m e n k l  r t u d l e s  it i c r  well known that p r e a i c t o r  
d i sp lays  Improve human and system perfcrmanue and result i n  reduced human 
workload* In t h i s  s tudy,  t h e  optimal c o n t r o l  model l a  uaad t o  prove t h h  
sf'feot t h e o r e t i c a l l y .  The status and p r e d i c t i v e  q u a n t i t i e s  are considerad as 
s e p a r a t e  observed var iab les .  The Taylor aeries cosf f i c i e n t s  are 1 noorparated 
i n  the  obssrvaticm matrix. Aim, rate Information included I n  t h e  mvemsnt 
of the p o r r i t i a r  and p i t c h  a n a e  ind ioa t ion  is represented. 
Severa l  cases w i t h  d i f h r l n g  a m u n t e  of p r e d i a t f v e  and rats 
infomat icm am compared. The r e a u l t s  show the expected Improvemanta i n  
huatan and system performance in teras of RHS-values. The s t r o n g e s t  in f luenoe  
ir caused by t h e  i n d i c a t i o n  of the ext rapola ted  path e l e m n t p  especially the 
end poin t .  Computed e s b t  g a d l s n t s  and f r a a t l o n s  o f  a t t e n t i o n  show the 
relative iarportanoe o f  the i n d i J l d u a 1  pdcaea o f  displayed lnrorarathn. An 
O p t i ~ l t a t i ~  of' the a t t e n t i o n  clllo0atiUI cshowe a f u r t h e r  ImproveaaJnt i n  
system perrormanoe I n  a l l  0a8ts. 
* This  work was supported i n  p o r t  by the National Aeronautlor and Space 
Administration under NASA-Amos W a n t  NSG-2119. 
Permanent Addretsar Researoh I n a t i t u t e  f o r  Humn Bngimerlnq(PAT) 
D-5303 l4eokenhela, PI R. Oenany 
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I l n t r o d u c t i o n  
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P r e d i c t o r  aisplays have been i n v e s t i g a t e d  i n t e n s i v e l y  i n  laboratory 
s imula t ions  [l]-[5]. It has been found t h a t  t h e y  improve human and  system 
performance and  r e s u l t  i n  reduced human workload. More r e c e n t l y ,  predictor 
d i s p l a y s  have been r e c e i v i n g  i n c r e a s i n g  a t t e n t i o n  (see, e.g., (61 because  
the technology of computer graphics has reached a h igh  s t a n d a r d  [7] which 
a l lows  one t o  implement these d i s p l a y s  more e a s i l y  i n  real man-machine 
systems, 
Longitudinal 
VT0L Posit ion, x Aircraft 
Hover Pitch 
Model Attitude,8 
- 
7 
Luring the  las t  few yea r s ,  a n  optimal c o n t r o l  model of t h e  human 
o p e r s t o r  (see. e g., [SI, (91) has been a p p l i e d  as a u n i f i e d  methodology f o r  
a n a l y t i c a l  d i s p l a y  des ign  an6  e v a l u a t i o n  [ lo]-[ 133. A t t i t u d e / d i r e c t o r  
i n d i c a t o r  and f l i g h t  director d i s p l a y s  have been cons ide red  as examples. 
This paper is a c o n t r i b u t i o n  t o  such an a n a l y t i c 3 1  d i s p l a y  d e s i g n  and 
eva lua t ion  procedure  D i f f e r e n t  t ypes  of' predictor d i s p l a y s  i n  a 
l o n g i t u d i n a l  VFOL hover  task are analyzed t h e o r e t i c a l l y  by means o f  t h e  
opt imal  c o n t r o l  model of the  human operator. iiather than  f i t t i n g  
exper imenta l  data, t h e  purpose here is t o  c a l c u l a t e  t h e  expec ted  human and 
system performance w i t h  d i f f e r e n t  d i s p l a y  d e s i g n s .  These r e s u l t s  are 
v a l i d a t e d  by i n t u i t i v e  reasoning  by c o n s i d e r i n g  earlier expe r imen ta l  r e s u l t s  
I n  t h e  next  s e c t i o n ,  t h e  VTOL hover  task is described. The assumed 
p red ic to r -d i sp lay  l a y o u t  is exp la ined  i n  S e c t i o n  111. S e c t i c n  I V  g i v e s  a 
brief overview of t h e  opt imal  c o n t r o l  model and emphasizes  specific 
c o n s i d e r a t i o n s  for  app ly ing  t h i s  model to  t h e  u t i l i z a t i o n  of p r e d i c t o r  
d i s p l a y s .  F ina l ly ,  the r e s u l t s  of a case s t u d y  are d i s c u s s e d  i n  S e c t i o n  V 
11 Desc r ip t ion  of the VTOL hover  Task 
The task chosen i n  t h i s  paper concerns  t h e  l o n g i t u d i n a l  motion of a 
hovering VTOL aircraft. For  comparison purposes  t he  t a s k  is t h e  same as . .  
that i n  1141 which s i n c e  then  nas a l s o  been cons ide red  i n  
e .g .  ,C 151, L 163 
- 
0 
other papers, 
F i g u r e  1:  Series Loop Model fbr r i lot  
Long i tud ina l  Con t ro l  i n  Hover (afte? C 151) 
Figure 1 shows a possible  s t r u c t u r e  of t h i s  man-machine system, assuming a 
series loop model f o r  t he  p i l o t  i n  which h i s  behavior is represented by the  
two t r ans fe r  funct ions Ypx and Ype, 
The system dynamics of' the aircraft are described by the following 
-r 
0 
0 
0 
0 
0 
100 
-L 
equation (see a l s o  Figure 2): 
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Equation (1) includes a r'irst orcler lag f i l t e r  l o r  ueriving the longi tua ina l  
gust  u from a white noise source w1 as well as a first order  l a g  with time 
consta8t T6 = 0 01s l imi t ing  t h e  cont ro l  ra te  of the ac tua tor .  The main 
reason f o r  t h e  second lag is t o  extend t h e  state vector  i n  such a way tha t  
t h e  second der iva t ive  of t h e  p i t c h  angle is a l s o  a component of t h e  s ta te  
vector. This  is needed for t h e  predictor  d i sp lay  as will be sham later. 
U = i  
X 
b. 
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I n  Equation ( 1 )  and F igure  2 ,  g is t h e  g r a v i t a t i o n a l  c o n s t a n t  and Xu, 
T h e i r  values  are chosen t o  be Mu, Mq, Hg are aircraft  s t a b i l i t y  depivat ives .  
t h e  Bame as  i n  t h e  nominal case i n  i151, namely 
)iu = O. l&- ' :MU= 0.0207 ftols-', Mq =  OS'^, Mg t 0 . 4 3 1 ~ ' ~ .  
Also, t h e  §Proul&ed gust is the same as i n  [15]. The bandwidth of t h e  g u s t  
ft.s", i. e . * ,  t h e  var iance of the d r i v i n g  w h i t e  n o i s e  i s  Y l l  = 16.59- 
f i l t e r  is W b  = 0.314 rad.s" and t h e  rms-value of the gugt is u = 5.74 
%ms 
111' Laystit of Assumed Predictor Displays 
Two main techniques have been used for gene ra t ing  predictor d i sp lays .  
One is the fast-time model t echn ique  I 3 I s  143; the other one is the  
e x t r a p o l a t i o n  techiqtle [2], C53. I n  t h i s  paper, the ' ex t r apo la t ion  techniqqe 
is a p p l i e d .  its advantage is that no model of the aircraft  needs t o  be 
implemented and run r e p e t i t i v e l y ,  faster than  real times t o  g e n e r a t e  
p r e d i c t i o n s  on t h e  ' b a s i s  of expected c o n t r o l  inputs .  I n s t e a d ,  the 
p r e d i c t i o n s  are c a l c u l a t e d  by means of a Taylor  series on t h e  basis of 
p resen t  measurable pos i t i on ,  rate* and a c c e l e r a t i o n .  The only disadvantage 
of this technique is t h a t  it might be d i f f i c u l t  t o  g e n e r a t e  noise-free 
acceleratim information, i f  t h i s  is not measurable. 
The e x t r a p o l a t i m  technique is used i n  t h e  p r e s e n t  s t u d y  t o  predict 
e x t r a p o l a t e d  l o n g i t u d i n a l  p o s i t i a n  x as well as p i t c h  angle  8. For p o s i t i a n  
x the predicted value is c a l c u l a t e d  as follows: 
2 
x PD (t) = x(t 4- Ix) = x ( t )  + Tx (2 1 
The corresponding Taylor  series expression for t h e  p i t c h  angle  8 reads: 
The Taylor  series expres s i cns  of Equations (2 )  and ( 3 )  are t r u n c a t e d  a f te r  
t h e  second d e r i v a t i v e  terms. Th i s  has been found in earlier experimental  
s t u d i e s  (see t53) t o  be a reasonably good approximatian.  
It has k e n  assumed, for t h e  l o n q i t u d i n a l  hover  t a s k  s t u d i e d  heres tha t  
t h e  p i l o t  wwld view d i sp lays  wi th  p r e d i c t i v e  information l i k e  those shown i n  
Figure 5 .  The p i t c h  angle  and p o s i t i o n  information is s e p a r a t e l y  i n d i c a t e d  
i n  two d i s p l a y s .  The one for  t h e  p i t c h  angle  or i n n e r  loop of F igu re  1 is  
l i k e  me dimension of an a r t i f ' i o i a l  horizon,  whereas t h e  one f o r  t he  p o s i t i m  
o r  o u t e r  loop of Figure 1 is p resen ted  as a func t ion  of time. S i m i l a r  
d i s p l a y s  hsve been s t u d i e d  experimental ly  i n  CSl wi th  s i m i l a v  system 
dynamics. which allows f o r  adopt ing t h e  fol lowing data, A pred ic t ion  span of 
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q o  = 0.7s seems t o  be a p p r o p r i a t e  for p i t c h .  For t h e  p o s i t i o n ,  t h e  
i n d i c a t i o n  of an e x t r a p o l a t e d  path element w i t h  a p r e d i c t i o n  span showing t h e  
range between the  a c t u a l  value and t h e  end poin t  (see Figure 31, i e., T'r = 
O... 29, has been chosen. The curved ex t rapola ted  path element can be 
approximated by, e.g.* three s t ra ight  l i n e s  as shown i n  Figure 3. T h i s  
reduces  the  c a l c u l a t i o n  of t h e  p a t h  element t o  t h a t  of three p o i n t s  i n  t h e  
f u t u r e  i. e., ( 1 / 3 ,  213,  and 1)  T* ahead. 
. yo(')! Human 
8 
y(t )  =c_x_(t) I 
I Value 
Figure 3: bisplays w i t h  P r e d i c t i v e  Information f o r  
I n d i c a t i o n s  o f  P i t c h  Angle ( lef t )  and Pos i t ion  ( r igh t )  
I V .  Applicat ion of the Optimal Control  Model 
I n  tnis paper the  same optimal c o n t r o l  model for the  human opera tor  has 
been appl ied  as i n  [ 151. I n  t h e  block diagram of Figure 4, a d i s t i n c t i o n  has 
been made, however, between inf luences  of d i s p l a y  parameters and human 
perceptua l  ab i l i t i es  on t h e  observat ion vector  y(  t). The human perceptua l  
ab i l i t i e s  include ( 1 )  est imat ion i n  t h e  sense of e x t r a c t i n g  t h e  first 
d e r i v a t i v e  of a displayed v a r i a b l e  from its movement as well as (2 )  
perceptual  th resholds  f o r  the  pos i t ion  and rate of displayed var iab les .  For 
t h i s  s tudy a l l  thresholds  have been assumed to be zero. 
i I !  
i 
1 
Estimator 
k ipur-e 4: uptuna1 Control Model for the  
Human Operator (after 1151 and [ 9 ] )  
@or reasons  of comparing t h e  results of t h i s  paper w i t h  those of [15], 
the same parameters of the human opera tor  model and the  cost f u n c t i o n a l  have 
been adopted, whereas t h e  aircraft dynamios are those described by Equation 
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(11, i ,e : ,  having only the  very s l i g h t  change mentioned before. The c o s t  
f u n c t i o n a l  for optimal control is 
- 
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
L O  
l e  1 / 2 4  
-L 
i . e . :  a U e i & . c i k . .  r i ic  vi t.?e x x i  .-i!i<ire,i w1.c: ~i tit- p o s i t i o n  x,  the p i t c h  
rate 9 = 8 ; and t h e  c o n t r o l  rate dco The time delay  of the  human operator '  
model is = 0.159, and t h e  lag time a m s t a n t  of the neuromuscular system is 
a d j u s t e d  t o  TN s';O.ls by a n  a p p r o p r i a t e  choice of g i n  Equation (419 i .e.,  g 
= 0.03. The noise-to-signal ratio of the motor n o i s e  is Pm = -25dB. The ~ 
noise- to-s ignal  ratios of the observat ion n o i s e s  change i n  t h i s  study. 
However. for  the base l ine  d isp lay  format w i t h  the'same observat ion vec tor  y = 
Cx,u,B,q.lT as i n  1151, t h e y  are adopted as p1 = e' = 4, '8' = -20dB. 
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The described optimal c o n t r o l  model should be able t o  e x p l a i n  t h e  
improvements of human and system performance which occur when predictor 
d i s p l a y s  are used. Looking a t  Figure 3, one can see tha t  a l l  status and 
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p r e d i c t i v e  information can be described by t h e  fo l lowing  o b s e r v a t i m  vector:  
I 
0 
1 
0 0 
0 0 .  
2/3Tx 
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2/97, 0 
1/21: 0 
0 1 
0 0 
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kid can be expressed i n  terms of  p o s i t i o n  x and p i t c h  angle 8 as well as 
the first and second d e r i v a t i v e s  of both v a r i a b l e s  by applying Equations (2)  
and ( 3 ) .  The observation vec tor  i n  Equation ( 5 )  cons iders  also rate 
information, namely u = 2 and q : 6 as i n  t h e  base l ine  d i s p l a y  format, 
thereby combining t h e  two inf luenoes  of d i s p l a y  parameters and human 
perceptual  ab i l i t i e s  of Figure 4.  
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As t h e  observat ion vec tor  is normally der ived f'ran t h e  s ta te  vec tor ,  t h e  
vec tor  on t h e  r i g h t  side ot' Equation (5) composed of pos i t ion  x ,  p i t c h  angle  
8 a n d  its first and second d e r i v a t i v e s  has to be expressed i n  terms of t h e  
state 'vector .  All these components appear i n  the  systems equation ( 1 )  and i n  
Figure 2.  The mathematical descr ip t ion  is: 
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Taking Equations ( 5 )  and (6) together r e s u l t s  i n  the following equat ion f o r  
t h e  observat ion vector :  
Equation (7) show k'lai, Y niitr ix i?citi$iioatisc ic neceszJary to i i n d  t h e  
observat ion matr ix  C. One of ttne two matrices being m u l t i p l i e d ,  i.e., P, 
reflects the  d i s p l a y  format and the  human perceptua l  ab i l i t i es ,  whereas the  
o ther  one? i . e . ,  T c m t a i n s  mainly components of the systems mat r ix  8. . 
I n  order t o  i n v e s t i g a t e  t h e  inf luence  of d i f f e r e n t  amount of  p r e d i c t i v e  
and rate information,  a t h e o r e t i c a l  case s t u d y  with t h e  optimal c o n t r o l  model 
has been run. The 13 cases s tudied  differ  only i n  their  observat ion v e c t o r s  
whioh are chosen as shown i n  Table I.  Available information is denoted by a 
"la  wfiereas a UOL means tha t  t h i s  component o f  the  observat ion vector is not  
present  i n  t h e  corresponding case. 
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Table I 
Compositica of the Observation Vectors for t he  Case Study 
Case L is i d e n t i c a l  w i t h  Equation (5 ) .  From t h i s ,  a l l  o t h e r s  have been 
derived by omitting a c e r t a i n  amount of information, i .e.,  d e l e t i n g  the 
corresponding rows i n  t he  observat ion vec to r  and obse rva t ion  matrix. 
Cases A, E, C ,  and D are concerned w i t h  t h e  i n f l u e n c e  of  rate 
information which has  a l s o  been i n v e s t i g a t e d  i n  [17]. Case A is the b a s e l i n e  
d isp lay  format of this study and is t h e  same as i n  1151. Cases E, F, and G 
cons ide r  only p r e d i c t i v e  p i t c h  information,  whereas cases H, I? J. and K 
assume only p r e d i c t i v e  p o s i t i o n  information,  being either only t h e  end po in t  
(HtI) o r  t h e  complete e x t r a p o l a t e d  path element (JIK). F i n a l l y ,  cases L M 
include both p r e d i c t i v e  p i t c h  and pos i t i on  information 
The case s t u d y  is carried o u t  u s ing  t h e  ve r s ion  of t h e  optimal c o n t r o l  
model which is described i n  [18],* This  inc ludes  an op t imiza t ion  o f  the 
f r a c t i o n s  o f  a t t e n t i o n  t h e  p i l o t  devotes  to  t h e  i n d i v i d u a l  pieces of 
displayed information. The opt imizat ion technique based on the  c o s t  
g r a d i e n t s  of a l l  pieces of information is described i n  more de ta i l  i n  [ 19 3 .  
The observat ion no i se - to - suna l  r a t i o  Pi of the i t h  observed v a r i a b l e  is. 
related t o  i ts f r a c t i o n  of a t t e n t i o n  f f  Sv - 
1 
pi = f, 
' fi = total with i 
there Po is the f u l l  a t t e n t i o n  l ids*-to-s ignal  ratio,  normally -20 db 1103. 
Thus t h e  above mentioned noise-to-signal ratios o f  -20dE for a l l  fou r  
The au tho r s  are sratef i l  t o  Aerospace Systems, 1no.r burl ington,  Maaa., and 
bdlliam C. tioffman i n  p a r t i c u l a r  for f u r n i s h i n g  the  cptimal c o n t r o l  model 
software 
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observed v a r i a b l e s  i n  the  b a s e l i n e  d i s p l a y  format correspond to  a to ta l  
a t t e n t i o n  o f  4 .  The va lue  of 4 is t h e  b a s e l i n e  for f u l l  a t t e n t i o n  and should 
no t  be i n t e r p r e t e d  as t h e  human ope ra to r  devot ing 4 times h i s  f u l l  a t t e n t i o n  
to t h e  task .  
2.0- 
V R e s u l t s  
Performance scores have been shown i n  F igu res  5 and 6 f o r  a l l  13 
casesI These correspond to a to ta l  a t t e n t i o n  of 4, with  a t t e n t i o n  a l l o c a t i o n  
optimized HMS-longi t u d i n a l  and p i t ch  errors have been p l o t t e d  They are 
d i scussed  i n  some de ta i l  here. For both v a r i a b l e s ,  p o s i t i o n  x and p i t c h  
angle 8 c e r t a i n  t r e n d s  are apparent .  The error is reduced i n  a l l  cases when 
p red ic t ion  information is presented (cases E-h). ‘lhere is an i n c r e a s e  i n  
RPIS-errors when t h e  rate information is no t  a v a i l a b i s  (without  p r e d i c t i o n  ; 
see cases A-D). 
1 0.e F I I I 
F i g u r e  5 : FM-Longitudinal Errors F igure  6:  W - P i t c h  Errors 
(for a l l  13 Cases w i t h  Optimized At t en t ion  Al loca t ion )  
For t h e  l o n g i t u d i n a l  poo i t ion ,  t h e  absence of d e r i v a t i v e  
information f o r  pos i t i on  and p i t ch  (C) r e s u l . t a  in about 80% i n c r e a s e  i n  
HMS-error. When only rate u is removed (B), t he  error i n c r e a s e s  by about 
505,  whereas t h e  i n c r e a s e  is only about 331 when t h e  p i t c h  rate is absent  
( D ) .  Therefore, i t  is very important  tha t  t h e  d i s p l a y s  are designed t o  
e a s i l y  allow t h e  human ope ra to r  t o  make good rate estimates. 
Compared w i t h  the  base l i n e  performanoe ( A )  , t he  reduct ion i n  RMS-error 
is rather small when only the  p i t o h  angle  predictor is a v a i l a b l e  (E). ThG 
e r r o r  is reduced by about 20%. b i t h  predictor information,  lack of p i t o h  
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rate does not  have much effect (see G vs. I?), presumably due to  t h e  rate 
information contained impl i c i t l y .  khen rate u is not  a v a i l a b l e  (F,G), t h e  
HMS-error is reduced only s l i g h t l y  compared w i t h  A even when predic t ion  is 
a v a i l a b l e  for p i t c h .  However, when b and C are compared to P and G 
respec t ive ly ,  the error is reduced by 35 t o  50% with t h e  a d d i t i o n  of 
predictor i n f o m a t i o n  
It is s i g n i f i c a n t  to  observe t h a t  the  lack of rate information 
does n o t  affect the r e s u l t s  when the p o s i t i o n  p r e d i a t o r  display is a v a i l a b l e +  
T h i s  is s e e n  i n  H and I having n e a r l y  equal performance s c o r e s .  From the  
base l ine  performance ( A ) ,  a reduct ion i n  RM-error of about 45% i s  observed 
It is a l s o  important to  note  t h a t  compared' to C, t h e  a d d i t i o n  of p o s i t i o n  
predic t ion  alone reduces t h e  error t o  less than l / 3  of its o r i g i n a l  value. 
This is v a l i d a t e a  by i n t u i t i v e  reasoning based on earlier experimental  
r e s u l t s  [SI. kith t he  p r e d i c t o r  for  a two-dimensional map d isp lay ,  it wa3 
found t h a t  t he  lap t ime ,  Le., for one c i r c u i t  o f  t h e  map, was reduced by 
32% 
khen the  pos i t ion  predictor is a v a i l a b l e ,  a l l  t h e  cases (H-M) 
r e s u l t  i n  about t h e  same RMS-errors. This happens i r r e s p e c t i v e  of whether 
the  p o s i t i o n  and p i t c h  rates and the  a t t i t u d e  p r e d i c t o r  information are 
a v a i l a b l e -  'ihis confirms our belief that it is more important  t o  employ 
predictor display a i d i n g  for t h e  slower time c o n s t a n t  o u t e r  loop. An 
unexpected r e s u l t  8 however, is t h e  fact that a d d i t i o n a l  in te rmedia te  p o i n t s  
of t h e  e x t r a p o l a t e d  path element (J-M) do n o t  Further  improve performance. 
The most important p r e d i c t i v e  information seems t o  be t h e  i n d i c a t i o n  of the 
end poin t  of the ext rapola ted  path element, 
The t r e n d s  for t h o  p i t c h  angle  error are similar t o  the  
l o n g i t u d i n a l  pos i t ion  e m o r .  khen all d e r i v a t i v e  infOrfBatfOn is removed (e), 
t h e  error i n c r e a s e s  by about 50%. Absence of U (B) r e s u l t s  i n  a 23% 
i n c r e a s e ,  whereas for t h e  p i t ch  ra te  (D) t h e  oorresponding i n c r e a s e  is about 
30%. The order of B and D is reversed w i t h  respect to  p o s i t i o n  errors as 
could be expected. The p i t c h  angle predictor reduces t h e  error by about 10s 
(E). Loss of p i t c h  rate information is n o t  important when the predictor is 
a v a i l a b l e  (G vs. F). These r e s u l t s  are i n  q u a l i t a t i v e  agreement with 
earlier experimental  r e s u l t s  (53 , where RMS-errors have been improved by 
factor of 2-4 with t h e  a d d i t i o n  of a p r e d i c t o r  for a n  ar t i f ic ia l  horizon i n  a 
pure a t t i t u d e  c o n t r o l  task- Further  reduct ion  i n  RKS-pitch error, by 2 3 ,  
occurs when t h e  pos i t ion  predictor d i s p l a y  is added ( H - M ) .  This  is a 50% 
reduct ion compared to the  no-derivative case (GI. As beforen no a u b s t a n t i a l  
d i f fe rence  oocurs i f  the rate information or in te rmedia te  poin ts  are removed 
when t h e  p o s i t i o n  predictor d i s p l a y  1s a v a i l a b l e  b 
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Figure 7:  Optimized Fractions of Figure 8: Optimized Fractions of 
Attention for Cases A 6 C D Attention for Cases E F,G H,I 
For a l l  13 cases, the optimized fractions of attention are 
plotted i n  Figures 7.8,and 9. The total  attention is constant a t  4 for a l l  
cases, normalized to 1 i n  the figure# assuming that the human operator w i l l  
not increase h i s  effort  with additionally displayed information . For each 
displayed variable fractions of attention are shown which r e s u l t  in minimum 
to ta l  cost. When rate information is available, t h e  optimum fraction of' 
attention required is more (mostly by about 8 t o  10 times) for the rate than 
for the corresponding displayed variable i t s e l f ,  $.e., position or pitch 
angle (Figure 7). 
k i t b  no predictor# the inner loop (see Figure 1) demands more attention 
(by about 4 times more t h a n  the outer loop), when rate  u is not available 
(cases 6 C) .  With the addition of the predictor, posi t ion or pitch or t h e i r  
derivatives require comparatively less attention than t h e  predicted 
variables. The prediator requires 3 t o  15 times more attention. 
Total attention for the position prediator is about 2 t o  3 times 
greater than t h a t  for the pitah prediator (Figure 9). From t h i s  and the 
discussiam for RMS-errorsr t h e  importance of the position prediator 
in f  ormatian is obvious. 
It should be pointed out tha t  for aonstant total  attention, the 
WS-errors are still  small even when the information available i a  l i m i t e d  ( 
e g . ,  only 3 variables i n  case I compared to 8 in uase L , as long as the 
poaition predictor is available, This could be due to  less  noise in 
observing what is available and, hence the possibility for better s t a t e  
estiuation. Erom the foregoing discussions i t  i a  clear that the rate  
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information is h i g h l y  usefhl when a predictor is not available. Having a 
prediotor for  the low speed outer loop is more important for performance 
since i t  reduces t h e  RkS-errors more effectively, 
I .8- 
8.1- 
8.6- 
7 
8.2 
8.8 
e 
m 
J 
r'igure 9: Optimized Fractions o f  
Attention for Cases J , K , L , M  
I n  Figure 10, the RMS-values of position, pitch angle, and control for  
different cases with and without rate and prediotor information are plotted 
corrasponding to  optimized attention allocation. These cases have been 
choaan because the additional indication o f  the end point o f  the extrapolated 
path element (HI oaupared with t h e  baseline di8play forrart (A )  re8ulta i n  the 
simplest predictor di8play design with the maximum performanoe improvement 9 
Compared w i t h  three two oaset, C and I 8how t h e  inflwnoe of the o8itted r a t e  
infomatiab The tmnds disoussed ear l ie r  am 8een again i n  FQuro 100 
The affeots of varying the total  attontion and optimizing tho 
attention rllooatian 8m i l l u o t r a t r d  for  RCCelon#itudinrl error8 for  the 
omas A,C,h, 8nd I (FQure 11). The f i r a t  brr i n  eaoh oase corregonds to  
variable total  attention s p l i t  eqwlly UCCmt3 displays ( 1  for each observed 
variable). For the seoond b a r ,  to ta l  attention is 4 a  s p l i t  equally between 
the inner loop and t h e  outer loop, and equally among displays in any 
particular loop. The remaining bar  aorrespond8 to  a to ta l  attention of 4, 
s p l i t  optimally, The errors are reduced by 18% for case A .  For oase C 8  a 
reduotion of about 3Ot occurs uhen total  attontion changes from 2 t o  4* 
Optimization reduce8 t h i s  furthew by only 8%. The b l i g h t  inorease or 
RMS-error i n  case H is due t o  a deorease i n  total  attention frm 5 t o  4. 
Houever, i n  oaae 11 the increaae in total  attention frm 3 to  4 does not 
change the HMS-value. Chon attention is optimized, Up to  3M reduction i n  
error is obtained. 
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C igure 10 : W-value8 o f  F lgure 1 1 : RMS-Longi tudinal Errors 
Posi t ion IC, Pitch Angle 0 ,  ana For Ca8es A ,C,H, X w i t h  Variable 
Control 6a for  
Casea A , C & d  w i t h  Optimized 
Attention Allocation. 
and Constant Total Attention. 
It is necessary to point out that the fmations o f  attentian 
obtaimd may not be the globally optimum values. h e  t o  t h e  coupling between 
inner and outer loop and the interdependence o f  prediction and rate 
information (see Figure 2 and Gguatians 2 and 318 d i f f e ren t  combinatiuts o f  
i n i t  la1 COndititm8 lead to  d l f  ferent optimal attention allocatiars w i t h  
similar total  cost values. T h i s  corresponds, however, t o  the fmedL\m the 
human operator has also i n  ohooaing between equally appropriate colnbinatiar8 
of interrelated informaticn. The optimized fraotions o f  attentiar shown i n  
this paper sfem t o  be typical values found K i t h  differ-ent in i t i a l ,  oondltiars. 
$1 Conoluaims 
Predictors improve aaan-machiimt system prrformanae as shown by 
the model reaults of  this study. This io  oonsiatent with the resulta 
obtaimd e g., in [SI. The paait im prediator diaplay l a  mors usefbl i n  
reducing the Rt&errors. Especially, the  end point o f  the extrapolated path 
elemnt ha8 the stronfiest inflwnoe. Due t o  8 l O W W  dynrnriars it i s  pwsible 
that tha human f i n d s  it dift loult  to  infer t h e  longitudlnal positiar rate  
uomparad to pitch rate.  
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Tbe a d d i t i o n  of a p r e d i c t o r  might r e s u l t  i n  reduced workload as 
evidenced by the  smaller RMS-control movemnta. The c o n t r o l  a c t i o n s  by the  
p i l o t  are guided by t h e  predictor. This could ala0 hove a n  effect on the  
i n t e r n a l  model beoause e s t i m t i o n  of tho state8 is aided by the  predictor 
display. The accuraoy requi reaunts  of the state predictor imp l i c i t l y  
inoluded i n  t h e  optimal c o n t r o l  model of &e human operator might be relaxed. 
The improvement of state e a t i m t i o n  with an even i n a c c u r a t e  i n t e r n a l  model 
might also be important fora monitoring and superv isory  o o n t r o l  tasks. 
Separate s t u d i e s  are needed to e v a l u a t e  t h i s  effect. 
The study showa that the optimal c o n t r o l  model is s u i t a b l e  for 
analytical p r e d i c t o r  display designs. Using t h i s  snthodology it is posaible 
to  i n v e s t i g a t e  t h e  e f f e a t  of certain disp lay  parameters, to f i n d  t h e  
optimal length  of the prodie t ian  span, Thi8 may al low one to  avoid  expensive 
man-in-the-loop airnulation s t u d i e s  
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SUMMARY 
A hierarchy o f  strategies were postulated t o  describe thesprocess of 
learning steering control. Vehicle motion and steering control data were 
recorded f o r  twelve novices who drove an instrumented car twice a week dur- 
ing and a f t e r  a dr iver  t ra in ing course. Car-driver describing functions were 
calculated, the probable control structure determined, and the driver-alone 
transfer function modelled. The data suggested tha t  the largest changes i n  
steering control wi th learning were i n  the way the dr iver  used the l a t e r a l  
posi t ion cue. 
INTRODUCTION 
Various aspects o f  dr iver  behavior have been studied using manual control 
theory. To date, most, i f  not a l l ,  o f  t h i s  research has used experienced 
drivers. The research t o  be described i n  t h i s  paper used inexperienced dr ivers 
i n  order t o  study the changes i n  the dr iver  describing function as a novice 
learns t o  steer a car. 
The mathematical model used t o  describe the dr iver  i s  the crossover model, 
described i n  Reference 1. Though the model was developed using single-loop, 
compensatory tracking tasks, i t  has been successfully used t o  describe car 
dr iv ing where two loops are involved. The basic tenet o f  the crossover model 
i s  that  the human adapts t o  each control led element so tha t  the open loop man- 
machine transfer function always has the form: 
( ' 1  1 Y (jw)Yc(jw) = wce - j W T  P 
j w  
*Work sponsored by the National Research Council o f  Canada and drawn from 
pr inc ipa l  author's Ph.D. dtssertatDon completed a t  the U. of Waterloo, Canada. 
a Ij.Y 
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where wc i s  the  system crossover frequency, and T i s  the  e f f e c t i v e  t ime delay 
( incorporat ing delays due both t o  the operator and the cont ro l  device), Y 
i s  the operator descr ib ing funct ion,  Yc i s  the t rans fer  funct ion descr ib ing 
the cont ro l  device dynamics, and j w  i s  the complex frequency var iable.  
Weir and McRuer (Reference 2 )  appl ied t h i s  model t o  automobile lane- 
keeping s teer ing tasks i n  order t o  determine which o f  the  ava i lab le  v isua l  cues 
would y i e l d  good performance wi thout  great e f f o r t  on the  p a r t  o f  the  d r i ve r .  
From previous studies w i t h  the crossover model i t  has been shown t h a t  t he  human 
operator selects from the possible cues o r  feedbacks those t h a t  minimize h i s /  
her equal izat ion requirements. I n  other words, the operator prefers  t o  a c t  as 
a simple gain and time delay ra the r  than as a s ing le  o r  double d i f f e r e n t i a t o r ,  
and selects cites so t h a t  s/he can do th i s .  The car dynamics i n  l a t e r a l  posi-  
t i o n  are such tha t  the  use o f  l a t e r a l  e r ro r  as a cue would requ i re  the  operator 
t o  ac t  as a d i f f e r e n t i a t o r .  ( y  (jw) = j w K e - j w ~ )  from the crossover model.) 
This el iminates l a t e r a l  e r r o r  as a dominant cue f o r  the  experienced d r i ve r .  
Heading angle and rate,  path angle and rate,  and time-advanced l a t e r a l  devia- 
t i o n  were studied (Reference 2) as possible cues. As heading r a t e  cont ro l  
allows a f a i r l y  l a rge  l a g  and produces a h igh crossover frequency, i t  appears 
t o  be the best cue t o  use, As i t s  use i s  associated w i t h  h i  h frequency con- 
t r o l  movements, heading angle (an intermediate frequency cue B i s  a more probable 
cue i n  less demanding s i tua t ions .  Control i s  u n l i k e l y  t o  be pure ly  d i rec t i ona l  
s ince d r i f t s  i n  l a t e r a l  pos i t i on  w i l l  occur which, i f  uncorrected, may r e s u l t  
i n  the car going out  of the  lane. Therefore, i t  was suggested t h a t  a probable 
s t ruc tu re  f o r  an experienced d r i v e r  i s  an outer  loop c o n t r o l l i n g  l a t e r a l  posi-  
t i o n  and an inner  loop c o n t r o l l i n g  heading angle o r  ra te .  The heading angle 
inner loop provides the path damping necessary for  a stable, well-behaved 
closed loop system - and thereby avoids the necessi ty of the operator d i f f e r -  
e n t i a t i n g  the input  (which would d i f f i c u l t  because it. must be done a t  low f r e -  
quencies as wel l  as high) which would be needed t o  s t a b i l i z e  the outer loop, 
if i t  were the only loop closed. Though a s ing le  loop s t ruc tu re  o f  t ime aci- 
vanced l a t e r a l  dev iat ion had a lso been suggested i n  Reference 2, the t i m e  ad- 
vance (preview time) necessary for  such a cont ro l  loop t o  work was i n  the  
order of 5 t o  10 seconds. Below these values the  lead generated by using pre- 
d ic ted  fu tu re  l a t e r a l  dev ia t ion  'would no t  compensate su f f i c i en t l y  f o r  the  . 
inherent lags i n  the dr iver /veh ic le  system'. 
presented o f  the research on estimated preview times used by experienced d r i -  
vers. Only when the d r i v e r  viewed the road through a narrOw s l i t  were preview 
times i n  the tange needed f o r  good use of t ime advanced l a t e r a l  dev ia t ion  as 
a contro l  loop, This suggests t h a t  such a cont ro l  locp i s  an u n l i k e l y  possi- 
b i l i t y  under normal d r i v i n g  conditions. The reader must be cautioned a t  t h i s  
po in t  t h a t  statements about which cues are used -in d r i v i n g  i n  no way imply 
t h a t  these cues are d i r e c t l y  perceived by the Ur iver .  For example, the d r i v e r  
may perceive heading angle d i r e c t l y  o r  may gerceive some func t ion  o f  heading 
angle. The mathematical analysis cannot d i f f e ren t i a te  between two such depend- 
ent  variables. 
P 
P 
In Reference 3 a survey i s  
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Hypotheses About Learning Steering Control 
Perceptual-motor learning studies, eye movement studies o f  novice dr ivers 
and anecdotal information obtained from dr iver  inst ructors  were used t o  gen- 
erate hypotheses about the stages i n  the learning o f  steering control.  I n  the 
f i r s t  stage i t  was postulated t h a t  the dr iver  controls l a t e r a l  posi t ion (y), 
the most obvious cue. 
movements o f  novice drivers tha t  nov'ices tended t o  look closer i n  f ron t  of the 
vehicle than experienced drivers, suggesting they were looking for l a t e r a l  
posi t ion cues. As was pointed out ear l ier ,  l a t e r a l  posi t ion i s  a d i f f i c u l t  
cue t o  control so t h i s  stage was not expected t o  l a s t  long (see Fig. 1). 
With experience the novice begins t o  look fur ther  ahead o f  the car. This 
i s  necessary i n  order t o  bet ter  monitor the environment but also allows the 
dr iver  t o  pick up heading angle ( 3 , )  movements more easi ly. The car's dynamics 
i n  heading angle (Glw)  are r a t e  dynamics, so t h a t  the dr iver 's  control may be 
modelled by a simple gain and t i m e  delay. Thus the second stage i s  t ha t  the ' 
dr iver  w i l l  use heading angle as the dominant cue, but w i l l  s t i l l  control l a t e r a l  
posi t ion d i r e c t l y  (as i n  the f i r s t  structure), with corrections being made 
when a s ign i f i can t  l a te ra l  posi t ion error  has accumulated. An analogous 
strategy was used by subjects i n  an experiment described i n  reference 5, where 
subjects using an oscilloscope centered a target on crosshairs by sequentially 
pressing two keys, one causing target acceleration t o  the r i g h t  and the other,. 
t o  the l e f t .  The response pattern suggested tha t  some subjects modified t h e i r  
responses on the basis o f  feedback i.e. a f t e r  d r i f t i n g  o f f  target they made a 
single, long duration corrective movement, while other subjects, who maintained 
a higher r a t e  of responding and were consistently bet ter  i n  overal l  performance, 
used a more ef f ic ient  strategy. These l a t t e r  subjects 'when the target d r i f t e d  
off center t o  the l e f t  ... maintained a high ra te  o f  responding but a t  the same 
t i m e  gradually increased the length o f  t i m e  the r i g h t  key was act ive r e l a t i v e  
t o  the l e f t  key, so tha t  over a series o f  responses the target was made t o  
d r i f t  back towards the center'. It was postulated tha t  a t  an intermediate 
stage, learning drivers would be using a strategy s im i la r  t o  Pew's f i r s t  
group of subjects, which would be represented by an a1 ternating operation on 
l a te ra l  posi t ion and heading angle as shown i n  Fig. 2. 
I n  the f i n a l  stage o f  learning, it was postulated tha t  the d r i ve r  would' 
begin t o  use dual loop control, where heading angle i s  the dominant cue, con- 
t r o l l e d  by an inner loop, and l a t e r a l  posi t ion i s  control led w i th  an outer 
loop. I n  t h i s  w a y  l a te ra l  posi t ion may be control led by heading angle cor- 
rect ions 5.e. using a simple gain ( Y '  = K ) rather than having t o  estimate 
Y Y  
ra te  of change of l a te ra l  position. The operators control o f  heading angle 
was modelled by a gain, KJ~, a lead term (1 + T i j w ) ,  and a t i m e  delay 
(e-jwT). (i.e. Y = K g ( l  + T i  jw)e-jwr). The lead term i s  needed t o  o f f s e t  
3, 
a lag i n  vehicle response a t  higher frequencies. For the experimental car the 
break frequency of t h i s  lag occurred a t  Tr = 9.4 rad./sec., therefore the same 
value was assumed for T i  when the driver-alone transfer function was modelled, 
I n  reference 6 i t  was shown that  t h i s  structure sa t i s f i ed  the crossover model 
I n  reference 4 it was shown through a study of the eye 
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and appeared t o  provide a reasonable f i t t o  experimental data. Such a form 
o f  control i s  analogous t o  tha t  used by the subjects using the more e f f i c i en t  
strategy i n  the experiment described i n  reference 5. 
Theoretical Analysis 
The driver-car tvansfer function f o r  the control structures postulated as 
stages i n  the learning process w i l l  now be derived. 
. Using Fig. 1, the fol lowing relat ionship may be obtained: 
Fig. 1. Single-loop control of l a te ra l  posi- 
t i o n  (6swa-steering wheel angle, sw-front t i r e  
angle, Gs-steering gain, other def in i t ions i n  
t e x t )  
I f  each variable i s  cross-correlated (see reference 7 for  a descript ion o f  
these techniques) wi th  the input disturbance, 6d$ the fol lowing i s  obtained: 
The remnant, n, i s  by d e f i n i t i o n  tha t -pa r t  o f  the dr ivers output which i s  un- 
correlated with the input, so tha t  4 
6d i s  such designed so t ha t  i t  i s  much larger than n, 4 
comparison wi th  $* and 4, . Equation (3) i s  then reduced to: 
may be considered t o  be zero, Because sdn. 
w i l l  be.negl ig ib le i n  
'dn 
d J  d d  
For structure 2 t h i s  expression i s  equal t o  'yylcsG:w 
which loop i s  i n  use. For the dual-loop structure 3 
o r  Y G Cy depending on 
t h i s  expression becomes: 
Y s sw 
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Fig. 2. Paral le l  loop control o f  heading angle and l a t e r a l  posi t ion 
Y 
Ye 
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Fig. 3. Dual loop control o f  heading angle and l a t e r a l  posi t ion 
Thus, no matter which structure the dr iver  i s  using, the same cross spec- 
t r a l  expression i s  calcu'ldted t o  obtain the car-driver transfer function. How- 
ever, as w i l l  now be shown, the form o f  the t ransfer function obtained d i f f e r s  
depending on which structure i s  i n  use. 
I n  the f i r s t  two structures, e i ther  heading angle o r  l a t e r a l  posi t ion 
i s  being control led a t  any one time. Thus $he f i r s t  two structures are s ingle 
control loops which, i n  the frequency range used i n  t h i s  study, may be expected 
t o  conform closelv t o  the crossover model, Therefore, usinq eauation (11, the 
car-driver t r a n s f b  w i l l  have the 
plot ted on a Bode p l o t  (amplitude 
i s  20db per frequency decade (see 
ihrlR. 
IN08. I Y---srIwLtuw a 
~ . -  
form wce-JW'/jw* When t h i s  function i s  
and phase vs. frequency) the amplitude slope 
Fig. 4). 
The values assumed f o r  the dr iver 's  
t ransfer functions i n  the t h i r d  structure 
were such tha t  the car-driver t ransfer 
STa~TUaC: t 
, <,: - - - - function could be model led a t  mid- and high frequencies (i .e, , near crossover 
frequency) by the crossover model , as i n  
the f i r s t  two structures. However, the 
presence o f  the outer loop operating on 
y, af fects the expected amplitude slope 
of the Bode p lo t ,  Using equation ( 5 ) ,  
as frequency increases, the r a t i o  
% 
10.' 'IO' 
Loo FRCq. Rbb*/SCC* 
'Fig* 4 *  Amplitude Bode plot Of the # /G* decreases rap id ly  so that  the 
6w car-dr i ver transfer function f o r  structures 1 , 2, 3 main e f f e c t  of the Y '  term i s  a t  low 
Y 
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frequencies, where i t  causes an increase i n  the amplitude slopeas seen i n  
Figure 4. Thus structure 3 may be distinguished from structures 1 and 2 by the 
presence o f  an increased slope i n  the Bode amplitude p l o t  o f  the car-driver 
transfer function. Structures 1 and 2 must be distinguished from each other 
by more subtle tues,. however. Because of the change i n  operator requirements, 
a change f rom control o f  l a t e r a l  posi t ion t o  dominant control of heading angle 
would resu l t  i n  a jump i n  crossover freqeuncy and an increased phase angle a t  
l o w  frequencies. (The d i f f i c u l t y  o f  generating the low frequency lead needed 
for l a t e r a l  posi t ion control resul ts i n  a pronounced phase droop a t  low freq- 
uencies and a lower crossover frequency. ) 
The considerations.diswssed above were used t o  help determine the control 
structure used by the subjects. 
EXPERIMENTAL PROCEDURE 
Subjects 
To t e s t  the hypothses about changes i n  steering control with learning, 
twelve novice drivers part ic ipated i n  an experiment using an instrumented car 
over a f ive week period. The subjects were a l l  high school students who a t  the 
s t a r t  o f  the experimental t e s t  period were beginning a three week intensive 
dr iver  t ra in ing program. They were selected on the basis o f  having had minimal 
experience of driving. Three subjects had never driven a car before being re- 
corded dr iv ing the instrumented car and the other subjects had driven on a t  
most f i ve  previous occasions. The subjects were tested on nine separate 
occasions over the f i v e  week period. 
Equipment 
The instrumented car driven by the subjects was capable o f  recording 
dr iver  control measures, vehicle motion variables and vehicle lane position, 
and was b u i l t  by Systems Technology Inc., Los Angeles, and l e n t  t o  t h i s  author 
by the U.S. 'national Highway Traf f ic  Safety Administration. The car i s  described 
i n  de ta i l  i n  an STI technical tiianu.ql (Klein e t  a l ,  1976). Two features of - 
par t icu lar  interest, though, are the l a te ra l  posi t ion detector and the servo 
control. 
i n  the Netherlands. 
The posi t ion tranducer uses a ro ta t i ng  prism t o  scan the i n tens t i y  o f  re f lected 
l i g h t  i n  a l a te ra l  plan across the road and reflect the l i g h t  i n  a photoam- 
p l i f i e r ,  Any marker which s u f f i c i e n t l y  contrasts wi th i t s  surroundings i s  
taken as being par t  o f  the reference l i n e  by t h e  lane tracker. For the exper- 
iment a 2.5 inch wide s t r i p  was l a i d  down as  a center lane marker t o  be picked 
up by the posi t ion detector. 
wheels independently o f  the dr iver 's  steering inputs. This i s  accomplished by 
The la te ra l  posi t ion detector was developed' by the I n s t i t u t e  f o r  Perception 
It consists o f  a posi t ion trahsducer and a control un i t ,  
The servo control allows f o r  appl icat ion of steering inputs t o  the f r o n t  
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hooking up an analogue tape recorder containing a taped disturbance which i s  
played back and passed by means o f  an electro-mechanical device through the 
steering l inkage t o  the f ron t  wheels, This provides a means o f  measuring the 
closed loop dynamic behavior o f  the d r i ve r  by inser t ion of a known input o r  
disturbance function i n t o  the loop. The disturbance funct ion used i n  the 
experiment was a sum o f  nine sinusoids - .377, .503, .754, 1.257, 1.634, 2.765, 
4.271, 5.781 and 10.801 rad./sec. Each of these input frequencies has art in te-  
gral  number o f  cycles i n  a 50 second run length. The advantage o f  using a 
sum of sines input i s  t ha t  while the remnant is spread out over many frequencies, 
the input i s  concentrated a t  d iscrete frequencies. Thus, a t  these discete free- 
quencies, where the dr iver  car-driver transfer function i s  measured, the remnant 
i s  swamped by t h a t  pa r t  o f  the output signal which i s  correlated with the input, 
so that  r e l a t i v e l y  clean estimates of the correlated output are obtained. 
.The variables recorded during the subject runs were: steering wheel angle, 
f ront  t i r e  angle, heading angle, l a t e r a l  acceleration, l a te ra l  position, 
forward veloci ty and the disturbance signal input. 
Procedure 
Each o f  the twelve subjects came t o  the t e s t  s i t e  twice a week for f i v e  
weeks. On the f i r s t  t e s t  day i t  was determined from the f i r s t  two subjects tha t  
the novices could manage 3 speed o f  40 k.p.h. This determined the speed which 
was used f o r  a l l  the t e s t  runs. Runs were made up and down two marked lanes on 
a half mi le  stretch o f  an unused runway. I n  t o t a l  200 seconds o f  data were 
col lected for each subject on each aay. 
RESULTS 
Changes i n  the Car-Driver Transfer Function wi th  Learning 
Table 1 summarizes the one factors repeated measures, analyses of vari*ance 
which were carr ied out f o r  the amplitude and phase angle values i n  the car-driver 
transfer function, using twelve subjects and nine (treatment) days. Analysis 
o f  the power spectrum o f  steering wheel angle showed tha t  the dr iver 's  input a t  
frequencies above 2.765 rad./sec, was negl ig ib le (< 1% of t o t a l  input).  Also, 
a t  these frequencies the signal t o  noise r a t i o  i s  high and therefore the e s t i -  
mates are less re l iab le,  Consequently changes a t  the f i r s t  s i x  frequency points 
( i n  the distunbance signal car-driver transfer function) are o f  greatest i n t -  
erest 
o f  the car-driver t ransfer function occurred over the t e s t  period a t  the f i r s t  
four freqeuncy points. However, the amplitude a t  the f i r s t  frequency point  
showedthemost dramatic change. While the means of the f i r s t  two days were 
approximately equal, the mean increased by 40% on the t h i r d  day and f luctuated 
about t h i s  value f o r  the l a s t  s i x  days. As t h i s  large increase d i d  not occur 
a t  frequency points adjoining ,377 rad,/sec, a change i n  slope of the amplitude 
p l o t  o f  the car-driver tansfer function i s  indicated. When indiv idual  subject 
Table 1 and Figure 5 show tha t  a s igni f icant increase i n  amplitude 
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Frequency 
rad. /sec. 
.377 
,503 
,754 
1.257 
1 634 
2.765 
TABLE 1 
Sumnary Anova Results: Ampl i tude and 
Phase o f  the Car  Driver Transfer Function 
Nine (treatment) Days: 12 Subjects 
Ampl i tude 
F8, 88 (.05 Level) 
2.242, Day 1 < 3-9 
3.158,+ Day 1 ' <  5,6,9: Day 
4,725, Day 1 < 3-9; Day.2 
2.651 Day 1 < 3-9 
0.845 
1.607 
Differences Between 
t 
Phase 
Days Differences Between Days 
8 4 8  (.05 l eve l )  
1.622 
2 < 9 1.550 
< 4,9 0.930,,+ 
4.216, Day 2>5; Day 895; Day 9>5-7 
8.646+++ Day 1-6 < 8,9 
21.234 Day 1,2<4-9;' Day 3-6<7-9 
level  o f  significance: t .05, ti. ,01, ttt .001 
p lo ts  were examined i t  was found that, f o r  h a l f  o f  the subjects, the amplitude 
o f  the ,377 rad./sec. point  showed a sharper increase over the f i r s t  three days 
than d i d  the amplitudes a t  other frequencies, while, for the other half, the 
whole amplitude slope increased. As w i l l  be shown i n  the section on modelling, 
an increase i n  the amplitude slope, pa r t i cu la r l y  a t  l ow  frequencies, is a r e s u l t  
o f  the way subjects used the l a t e r a l  posi t ion cue. 
When the phase angle (o f  the car-driver t ransfer function) drops below 
- M O O ,  the car-driver system becomes unstable so tha t  an input generate: an 
exponentially increasing output. Therefore, large phase angles (> -180 ) are 
t o  be desired around crossover. (Phase angles a t  frequencies fur ther  from 
crossover have l i t t l e  effect on system s t a b i l i t y , )  Figure 6 shows that a t  the 
frequencies surrounding the crossover the phase angle increases gradually, 
though a l i t t l e  e r ra t i ca l l y ,  between days one and nine, indicat ing that the 
subjects improved t h e i r  s t a b i l i t y  o f  control. 
t ion over the tes t  period were ref lected i n  improved tracking performance, 
wi th the largest improvements occurring during the f i r s t  three days. 
s i x  days were much less dramatic, and much more errat ic ,  than those tha t  
occurred over the f i r s t  three days. If measures on day 3 are compared w i th  
those f o r  days 8 and 9, no changes are s igni f icant,  but the fol lowing trends 
were noted: an increase i n  the amplitude of the car-driver transfer function 
a t  ,503, ,754, and 1.275 rad./sec., an increase i n  phase margin, and reduced 
heading angle deviation. 
The changes i n  amplitude and phase angle o f  the car-driver t ransfer func- 
For a l l  the variables studied, the changes tha t  took place over the l a s t  
Model 1 ing the Driver-Alone Descri bing Function 
In the f i r s t  two structures postulated, the d r i ve r  adapts t o  each set 
o f  control led mechanics i n  such a manner tha t  the overal l  car-driver transfer 
function has the same form (see Fig. 4). However, as was noted previously, 
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increase i n  crossover frequency i n  t h i s  
study, from 1.696 t o  1.929 rad./sec,, 
the increase was small , occurred grad- 
ual l y  , and Was s t a t i s t i c a l  ly i n s i g n i f i -  
cant. Only two o f  the twelve subjects 
showed large changes i n  crossover f re -  
-
.--y--, *-e 
I i I 
+ 2.769 m./Scc. 
Another factor  which aids i n  deciding upon the control structure i n  use 
i s  the percent o f  high frequency area (%HFA) i n  the power spectrum o f  the 
steering wheel angle, A car’s dynamics are such that  a t  the higher frequencies 
i t  shows a greater response i n  heading angle than i t  does i n  l a t e r a l  position. 
Therefore, a dr iver  who controls l a te ra l  posi t ion most use lower frequency 
inputs t o  get a reasonable response from the car, Consequently, one would 
expect t ha t  %HFA would be lower f o r  a dr iver  cont ro l l ing l a t e r a l  pos i t ion than 
i t  would be f o r  a dr iver  cont ro l l ing heading angle. The data showed tha t  the 
%HFA was higher rather than lower, though not s ign i f i can t l y  so, i n  the f i r s t  
days of the experiment than i n  the last .  This i s  another ind icat ion tha t  
the subjects were probably not using the f i r s t  postulated structure where l a t -  
e ra l  posi t ion was the primary cue f o r  control. 
functions w i l l  be modelled, i t  must be stressed tha t  the structure o f  a system 
w i th  only one input, with which t o  i d e n t i f y  two operator t ransfer functions, 
can only be inferred; i t  cannot be known with certainty. 
I f  the f i r s t  structure can be eliminated as a mode o f  cantrol, the mod- 
e l l i n g  o f  the driver-alone transfer function i s  simpli f ied, 
Though t h i s  assumption w i l l  be used i n  determining how the d r i ve r  t ransfer 
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Let US consider the t h i r d  control structure, As was discussed previously, 
the form used for Y the dr iver 's  operation on functions o f  l a t e r a l  position, 
was t o  be a simple gain K I f  the data are f i t t e d  t o  t h i s  t h i r d  structure, 
but have, i n  fact, been generated by the subject's using the second structure, 
the term K w i l l  be zero. Consequently, equation (5)  w i l l  reduce t o  an equa- 
t i o n  which describes the second control structure. Consequently the value of 
K w i l l  indicate which structure was probably i n  use, 
Y 
The e f fec t i ve  driver-alone transfer function f o r  the t h i r d  structure was 
derived by removing G! 
Y'  
Y' 
Y 
the car's dynamics i n  heading, and modelled using: 
y, yY 
Table 2 shows the values derived for KJI, 'I, T i ,  and K for selected Y 
t es t  days, averaged over twelve novice drivers (see also Figure 7). 
TABLE 2 
Parameters f o r  the Averaged 
Effect ive Driver Transfer Function 
Y Day K* degJdeg. K' rad./sec, T sec. 
1 0.590 0.20 .42 
2 0.655 0,20 .42 
3 0.595 0.44 .36 
6 0.615 0.71 .37 
9 0.630 0.82 .25 
(since T; : Tr (s 9.4 rad,/sec. f o r  the tes t  car), T k  = Tp was assumed), 
K: = K,Ua where UO i s  the forward veloci ty 
Discussion o f  Model 1 ing Resui t s  
Data, from experienced drivers, t ha t  ( i n  reference 8) was f i t t e d  
t o  the t h i r d  control structure show the amplitude fit t o  be good across a l l  
frequencies measured and the phase f i t  t o  be best nearest the crossover fre- 
quency. This same type o f  model f i t  was obtained w i th  the experimental data. 
Goodness o f  f i t  parameters were calculated using the distance from the modelled 
to  the actual data point, r e l a t i v e  t o  the standard deviat ion a t  t ha t  point. 
For the experimental car, tile response lag which i s  o f f se t  by the dr iver 's  
use o f  heading rate (vs. heading angle) begins t o  have e f f e c t  a t  9,4 rad./sec, 
(the break frequency), Though 1/7; i s  expected t o  be approximately equal t o  
9.4 rad./sec., and because t h i s  value i s  f a r  enough outside the measurement 
frequency range t o  have l i t t l e  e f fec t  on the model anyway, 9*4  rad./sec. was 
used f o r  the value of l/T; f o r  a l l  days. I t  i s  evident from the fit paramters 
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i n  Table 2 that the largest changes occured in  the value of K' 
changes i n  the KJ, parameter indicate that  heading angle was controlled i n  much 
the same way on the f i r s t  day as on the last. I n  contrast, the value o f  K' 
Y 
doubled between days two and three, moving within the measurement frequency 
range ( L e * +  > ,377 rad./seC*), and doubled again between days three and nine. 
This change ref lects  the large increase i n  the amplitude of the car dr iver 
transfer function a t  .377 rad./sec. between days two and three, The increases 
i n  the value o f  K' point t o  the increased control o f  la te ra l  posit ion as de- 
fined i n  the th i rd  structure, The phase f i t s  were so poor that very l i t t l e  
fa i th  can be placed i n  the time delay values. However, they do conform t o  the 
findings o f  other reasearchers that the t i m e  delay decreases with learning 
(Reference l ) ,  A large Improvement i n  the model fit t o  the phase 
data occurred over the learning period as the low frequency phase droop became 
less noticeable (as f l lustrated i n  Fig. 7). 
The smaller 
Y* 
Y 
CONCLUSIONS 
- -  I n  sumry ,  though the f i t para- *L.*? -.,. .. .". 
meters do not indicate a sharp div is ion 
between days one and two and day three, 
WOILCOIHIS t o  suggest that  on day three and there- 
a f t e r  the drivers' control structure 
bore more resemblance t o  structure 
three, wherre an outer loop controlled 
la tera l  posltion, than t o  structure 
two, while on days one and two, the 
reverse was true, 
Other experimenters using lab- 
ora tory trac k i  ng tasks (Reference 9) 10" t ¶ i ?,& i 3 i -  .Tot 
have not found chati es i n  strategy 
Fig, 7, Effective driver transfer with the learning o tracking control 
function, averaged over 12 but d id  note improvements i n  gain and. 
subjects, days 1 and 9 crossover frequency. Using a more 
complex tracking task, steering I I  car, 
such (L change i n  strategy was found t o  occur, as well as the previously noted 
change i n  gain, Phase margln rather than crossover f r e  uency was found t o  
improve with learning Indicating that the subjects opte for  aE improvement 
i n  s t a b i l i t y  o f  control over improved system response* 
1W 1 bnrn WUlJ - O w %  4015~Iltrrb enough o f  a change i n  K' i s  indicated Y 
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USE OF REWARD-PENALTY STRUCTURES IN HUMAN EXPERIMENTATION 
Anthony C. Stein, R. Wade Allen, and Stephen H. Schwartz 
Systems Technology, Inc. 
Hawthorne, California 
SUMMARY 
T h i s  paper reviews the use of motivational techniques i n  human perfor- 
mance research and presents an example s tudy  employing a reward-penalty 
structure to  simulate the motivations inherent i n  a real-world 
situation. The influence of motivation on human performance has been an 
issue since the beginning of behavioral science. Most often, motivation is 
controlled through procedures designed to  minimize its influence as an uncon- 
trolled variable. Driver behavior i n  a decision-making driving scenario was 
studied . 
The task involved control of an instruqented car on a cooperative tes t  
course. Subjects were penalized monetarily for t ickets and accidents and re- 
warded for saving dr iv ing  time. Two groups were assigned different tioket 
penalties. The group with the highest penalties tended to  drive more conser- 
vatively. However, the average total  payoff t o  each group was the same, as  
the conservative drivers traded off slower driving times w i t h  lower ticket 
penalties. 
INTRODUCTION 
Reward-penalty structures have existed since the beginning of experimen- 
tation, and the effects of such structures have evolved into a spparate area 
of research. As early as 1922, A .  M. Johanson observed the effects of re- 
wards and penalties on reaction times. These classic results (cited i n  Ref. 
1) are shown i n  Fig. 1. Researchers have examined the motivational aspects 
(Refs. 2-6), looked a t  rewards' distracting effects (Refs. 7-10), and 
looked a t  the positive effects of rewards (Refs 11 and 12). What does t h i s  
experimentation mean, and how can the researcher o f  today ut i l ize  the et'forts 
of others? 
Subject motivation is  a primary concern i n  any experiment. "We want t h e  
subject motivated to come back for 12 experimental sessions;I' or Itwe want the 
subject motivated to respond as quickly as  possib1e;Il or nwe want the subject 
motivated to respond i n  a manner consistent w i t h  h i s  or her normal 
behavior.tt Rewards and penalties play an important part i n  t h i s  motivation. 
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Figure 1. Change i n  the Distribution of Reaction 
Time Under t h e  Influence of Incentives. Auditory 
s t imu lus .  In  the llincentive series" 0 was informed 
of h i s  l a s t  RT; i n  the "punishment seriest1 he re- 
ceived a shock i n  the finger when the reaction was 
a t  a l l  slow. Each curve shows the distribution of 
3600 single reactions obtained from three Os whose 
times were nearly the same. (Adapted from Ref. 1) 
To assess reward-penalty structures w i t h  regard to their  consequences, 
and t o  develop a structure for a given experiment, requires a basic knowledge 
of the l i terature ,  terminology, and present methodologies. Th i s  paper is  a 
review of the present body of mowledge w i t h  an emphasis on reward-penalty 
design consequpwes for human performance research. 
PREVIOUS RESEARCH 
Definitions 
The distinction between intrinsic and extrinsic motivation should be an 
important consideration when designing a reward-penalty structure. If a per- 
son chooses to work a series of complex mathematical problems because of per- 
sonal enjoyment, then the "perceived locus of causality11 (Ref. 6 )  is inter- 
nal, and the task is intrinsically motivating. I f ,  however, t h e  ycrson 
chooses to  work the problems to  gain an external reward, and the "perceived 
~ocus  of causality" is external, then the task is  extrinsically motivating 
(Refs. 3, 4 ,  6,  13-15). 
Deci (Refs. 2 and 31,  Deci, Benware, and Landy (Ref 41, and Edwards 
(Ref. a l l  point o u t  that reward-penalty struccures can be designed to 
be either extrinsically motivating or neutral. If the experimenter chooses 
to have the structure of neutral influence on the subject, and a t  the same 
16) ,  
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time achieve high s u b j e c t  motivat ion,  it becomes necessary t o  use a t a s k  t h a t  
has  been, or can be, shown t o  be i n t r i n s i c a l l y  i n t e r e s t i n g  t o  the  s u b j e c t  po- 
p u l a t i o n ,  If t h e  choice is to  have a s t r u c t u r e  t h a t  makes t h e  reward or pen- 
a l t y  cont ingent  on performance, o r  i n  some other way e x t r i n s i c a l l y  motivat- 
i n g ,  then  the  choice of experimental  task is of secondary cons idera t ion ,  It 
has been shown by Lepper and others (Refs. 3, 4,  13, and 14) t h a t  s u b j e c t s  
performing t a s k s  o f  high i n t r i n s i c  motivat ion,  r e c e i v i n g  e x t r i n s i c  rewards, 
perce ive  t h e  locus  of c a u s a l i t y  t o  be e x t e r n a l ,  and show low i n t r i n s i c  moti- 
va t ion .  
Purpose of Rewards and P e n a l t i e s  
As pointed o u t  by Edvards (Ref. 161, rewards and p e n a l t i e s  can s e r v e  
three purposes: 1)  motivators ,  2) information g i v e r s ,  and 3 )  i n s t r u c t i o n s .  
If t h e  s u b j e c t  is rewarded only  f o r  p a r t i c i p a t i o n  i n  an  experiment, then t h e  
reward s e r v e s  as a motivator ;  t h e  s u b j e c t  w i l l  pe rce ive  t h e  l o c u s  o f  c a u s a l i -  
t y  as i n t e r n a l ,  and the  experimental  t a sk '  w i l l  be i n t r i n s i c a l l y  
motivat ing.  If t h e  reward-penalty s t r u c t u r e  is changed, and t a s k  performance 
is rewarded the reward or  penal ty  w i l l  s e r v e  as  information,  i n  a d d i t i o n  t o  
any motivat ing inf luence  i t  has. If the  experimental  $ask i s  so lv ing  complex 
mathematical problems, and t h e  s u b j e c t  i s  paid hour ly  f o r  experimental  parti- 
c i p a t i o n ,  then  task performance is unre la ted  t o  t h e  reward, and the  reward's 
purpose is t h a t  of a motivator .  If the reward is increased as a func t ion  o f  
problem completion time, or number of problems so lved ,  t h e  reward takes on 
the a d d i t i o n a l  q u a l i t y  of an  information g iver .  In t h i s  case it is important 
t o  note  t h a t  correct response is  n o t  required.  
If correct response is required for a reward i n c r e a s e ,  o r  i n c o r r e c t  res- 
ponse is punished, the  reward also s e r v e s  as an i n s t r u c t i o n .  I n  t h i s  case 
t h e  reward n o t  on ly  provides  motivat ion and information,  it now t e l l s  t h e  
s u b j e c t  t he  r e l a t i v e  d e s i r a b i l i t y  of a specific response.  Withholdihg the 
reward u n t i l  the  completion of  t h e  experiment d o e s . n o t  a l t e r  its mot iva t iona l  
o r  i n s t r u c t i o n a l  q u a l i t i e s .  Because the  reward is performance related, with- 
holding payment ( o r  information about t he  reward llearnedlt) only e l i m i n a t e s  
t h e  informational  feedback q u a l i t y .  
Form o f  Rewards and P e n a l t i e s  
Rewards and p e n a l t i e s  can take many forms, and t h e  type o f  reward or  pen- 
a l t y  chosen by t h e  experimenter should be an  important part  of t h e  
reward-ponalty desipn. t o  
be assessed p r i o r  to  i t a  i n t r o d u c t i o n  i n  the experiment. For example, Deci 
(Ref, 2)  found tha t  monetany rewards caused a decrease i n  i n t r i n s i c  mativa- 
t i o n ,  w h i l e  rewards by use o f  v e r b a l  reinforcement caused an increase .  
McCloskey (Ref, 171, i n  her work w i t h  s taff  turnover  rates, found that  psy- 
chological. rewarZs such as recogni t ion ,  h e l p  from peers, and educat ional  op- 
p o r t u n i t i e s  were mare important i n  keeping an employee than salary o r  job 
The o v e r a l l  effo61; of the  reward or penal ty  needs 
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b e n e f i t s ;  and t h a t  money a lone  would n o t  keep an  employee. 
found 
mance. 
Viesti (Ref. 18) 
t h a t  on an  i n s i g h t f u l  l e a r n i n g  task pay made no d i f f e r e n c e  i n  perfor- 
One of  t h e  most commonly used rewards is money. Many researchers have 
examined t h e  advantages and p i t f a l l s  of t h i s  reward form, and t h e i r  f i n d i n g s  
can be of great a s s i s t a n c e  i n  developing a reward-penalty s t r u c t u r e .  
Money seems t o  provide t h e  best balance between response and error rate. 
Daniels,  e t  a l .  (Ref. 11 1, found that  response speed remained cons tan t ,  bu t  a 
drastic reduct ion  i n  e r r o r  rate was observed when real. i n s t e a d  o f  imaginary 
money was used. S l o v i c ,  L ich tens te in ,  and Edwards (Ref. 19) found t h a t  sub- 
jects employed simpler d e c i s i o n  strategies i n  an  imaginary i n c e n t i v e  des ign  
than with real payoffs.  20) found t h a t  when s u b j e c t s  made 
hypothe t ica l  choices, t h e y  maximized g a i n  and discounted l o s s e s ;  however, 
when their choices  had real  consequences, t he  s u b j e c t s  were considerably more 
c a u t i o u s  
Also S lovic  (Ref. 
The researcher should be cautioned by the  work o f  Greenbsrg (Ref. 21) 
and Leventhal and Whiteside (Ref. 22:, however. They have shown t h a t  mone- 
t a r y  reward can be used t o  motivate performance, but  t h a t  overreward is fre- 
quent ly  employed, I n  some cases the overrewarding tendency was so s t r o n g  
t h a t  higher rewards were given t o  lower performing workers. Furthermore, 
Spence (Refs. 8 and 91, Miller and Esfes (Ref. 101, and McGraw and McCull- 
ers (Ref. 7) p o i n t  ou t  t h a t  increased rewards may draw a t t e n t i o n  from t h e  
experimental  t a sk  . 
EXPERIMENTAL STUDY 
The above research f i n d i n g s  c l e a r l y  show the  need f o r  a p p r o p r i a t e  
reward-penalty des igns ,  both in form and magnitude. The following examples, 
p a r t  of a study on alcohol-dr iver  i n t e r a c t i o n ,  show how t h i s  information can 
be used t o  create a reward-penalty s t r u c t u r e .  
I n  a s tudy  concerning t h e  effects of a lcohol  on d r i v e r s '  dec is ion  making 
behavior,  two separate experiments were conducted. The first was run i n  our 
fixed-base d r i v i n g  s imula tor  (Ref. 23) and the  second i n  an  instrumented 
v e h i c l e  designed for t h e  Nat ional  Highway Traffic Safe ty  Administration (Ref. 
24). 
I n  both experiments t he  s u t j e c t  was reqvired to  complete a d r i v i n g  sce- 
n a r i o  i n  both sober  and in toxica ted  s ta5es .  The following is a brief discus-  
s ion  of  t h e  requirements,  des ign ,  and effects of v a r i a t i o n s  i n  a motivat ional  
rewapd-penalty s t r u c t u r e .  
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Reward-Penal t y Struc t we 
Driving i n  the  real world is motivated by a v a r i e t y  of counteracting in- 
cent ives ,  Drivers wish t o  minimize t r i p  time but avoid tickets and acci- 
dents ,  Driving behavior is influenced by these motivations,  p a r t i c u l a r l y  i n  
risk-takingldecision-making tasks. I n  order  to  encourage real-world-like be- 
havior we must attempt to simulate the  real-world incent ives .  The problem 
with simulating typ ica l  dr iv ing  incent ives  is t h a t  they include some d i f f i -  
cult-to-quantify var iab les ,  such as  the  sub jec t ive  value of time gained by 
driiring faster and the subjec t ive  fear of low probabi l i ty  events  such as au to  
crashes. Negative reinforcement with electric shock is a classical experi- 
mental technique and might serve  t o  s imulate  the pain of an accident ,  but 
t h i s  technique is d i f f i c u l t  t o  quant i fy  and recent  sub jec t  welfare guide l ines  
make it unat t rac t ive .  I n  a recent  aircraft landink experiment involving 
p i l o t  decis ion making (Ref, inform 
t h e i r  p i l o t  sub jec t s  t h a t  they would be eliminated from the experiment i n  t h e  
event they crashed i n  order  t o  make them as werye t o  crashes as they would 
be i n  real l i f e ,  HQwever, t h i s  approach would be l o g i c a l l y  awkward i n  t h i s  
study because we would lose selected and t ra ined  sub jec t s  and, furthermore, 
t h e  majori ty  of dr iv ing  accidents  do not  involve fatalities. 
25), the experimenters went so far os t o  
The traditional method of quantifying incent ives  f o r  experimental con t ro l  
is t o  relate them t o  some well-defined va r i ab le  w i t h  i n t e r v a l  proper t ies  by 
measuring ind i f fe rence  curves (Refs , 26 and 27) * The most well-defined, 
widely s tudied,  and widely used norm is money, pr imari ly  because of its in- 
t e r v a l  proper t ies  and interchangeabi l i ty .  Money has some l imi t a t ions ;  f o r  
example, the  decision-making behavior has been shown t o  be confounded by t h e  
3ubject 's  f i nanc ia l  s t a t u s .  However, t h i s  can be experimentally cont ro l led  
by con t ro l l i ng  the  knowledge of r e s u l t s  (Ref. 28). I n  general ,  the  addi- 
t i o n a l  experimental effort  required t o  scale o ther  d i s incent ives  (e.g., 
shock, loud noises ,  etc.) has l ed  t o  videspread use o f  money f o r  rewards and 
punishments in decision-making experiments 
In  both experiments t he  reward-penalty s t r u c t u r e s  had mul t ip le  require- 
ments, A major concern was t h a t  the  subjec t  complete the  dr iv ing  scenario i n  
a normal manner, with a reasonable motivation f o r  t imely progress and a de- 
sire t o  avoid tickets and accidents ;  t h a t  is, we wanted the  subjec t  t o  d r i v e  
as i f  the  dr iv ing  s i t u a t i o n  were being experienced i n  t h e  real world. A sec- 
ond requirement was tha t  tho  sub jec t s  r e t u r n  f o r  pa r t i c ipa t ion  i n  s i x  
full-day experimental sess ions ,  F ina l ly ,  we chose t o  a l te r  t h e  penal ty  
s t r u c t u r e  i n  t h e  experiment t o  determine the  behavioral  e f f e c t s  o f  increased 
t icket penalty on t he  d r ive r .  
With the  exception of t icket pena l t i e s ,  t h e  reward-penalty structure f o r  
both experiments was t h e  same, In  order  t o  ppovide a basic motivation t o  re- 
main in t h e  study, the subdects were paid an hourly wage. Th i s  payment was 
received by t h e  subject i r r e spec t ive  of prformance.  To f a o i l i t a t e  comple- 
t i on  o f  
used an 
the-dr iv ing  scenario,  and 
addi t iona l  reward-penalty 
t o  encourage normal 
s t r u c t u r e  scaled t o  
dr iv ing  behavior, we 
r e a l  world occurrencesI 
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Rewards cons is ted  of  $10.00 for completing the d r i v i n g  s c e n a r i o ,  and 
$2.00 f o r  every minute of to ta l  elapsed d r i v i n g  time under 20 minutes. 
Assuming a real world s i t u a t i o n  o f  leav ing  a bar  in toxica ted , .  t h i s  rewarded 
t h e  s u b j e c t  for making it home and for d r i v i n g  with t h e  flow of traffic, t h u s  
avoiding d e t e c t i o n .  
I n  both experiments, crashes (i.e.,  h i t t i n g  an obstacle or  a d j a c e n t  car, 
or running off t h e  roadway) were penal ized $2.00. 
Tickets were given for running a red l i g h t  or f o r  speeding. Again to  
s imula te  a real  world d r i v i n g  experience,  t he  t ra f f ic  p o l i c e  were present  
on ly  30$ of  the time. I n  experiment 1 ( the  s imula t ion) ,  t ickets  were either 
$l.UO o r  $2.00, depending on t h e  group to  which t h e  s u b j e c t  was assigned.  I n  
experiment 2 ( f u l l - s c a l e ) ,  t ickets were either $1.00 or $4.00. 
Subjec ts  received immediate feedback i f  they crashed (buzzer) ,  or re- 
ceived a t icket  ( s i r e n  and red l i g h t s ) ,  but  t o t a l  rewards and p e n a l t i e s  were 
withheld unti l  t h e  completion of the  experimental  day. Again t h i s  s i m u l a t e s  
t h e  real world, because the  cost of a t icket  or  crash is rarely known when 
the i n c i d e n t  occurs.  
RESULTS AND DISCUSSION 
To determine the s u i t a b i l i t y  o f  o u r  reward-penalty s t r u c t u r e  t o  the ex- 
periment, two criteria can be used. F i r s t ,  d id  a l l  t h e  s u b j e c t s  complete t h e  
experiments? I n  both experiment 1 and experiment 2 t h e  answer was yes,  ind i -  
c a t i n g  t h a t  we were able t o  keep t h e  s u b j e c t s  s u f f i c i e n t l y  motivated to  re- 
turn .  Second, to  correlate our  r e s u l t s  w i th  r e a l  world d r i v i n g  statistics, 
we compared our  s imula tor  and f ie ld  test r e s u l t s  w i t h  e p i d a n i o l o g i c a l  data o f  
over 7000 a lcohol  related t.raffic acc idents .  As evidenced i n  Fig. 2, t h e  
s imulator  r e s u l t s  and the  f i e l d  r e a u l t s  compare favorably  with the  a c t u a l  ac- 
c i d e n t  data, t h u s  i n d i c a t i n g  d r i v e r s  motivated t o  take comparable r i sks .  
F i n a l l y ,  i n  our  i n v e s t i g a t i o n  of the behavioral  effects o f  a change i n  
pena l ty  s t r u c t u r e ,  we found i n  experiment 1 no s i g n i f i c a n t  d i f f e r e n c e  betweon 
the $1.00 t icket group and the $2.00 t icket group. Experiment 2, however, 
d id  show a s i g n i f i c a n t  d i f f e r e n c e  between the $1.00 t icket group and the  
$4.00 ticket group. 
3 we 8ee t h a t  the  h i g i  pena l ty  group i n  t h e  f i e l d  s tudy  had on 
t h e  average o f  one-third less t ickets ,  w i t h  speeding tickets showing a 
greater s e n s i t i v i t y  than  s i g n a l  l i g h t  t ickets.  These r e s u l t s  are statist i-  
cally s i g n i f i c a n t  as  shown i n  Table 1. Driving time d i f f e r e n c e s  between t h e  
two penal ty  groups were marginal ly  s i g n i f i c a n t  (Table 1 and c o n s i s t e n t  with 
t h e  t i cke t  r e s u l t s ,  e.g, larger time and fewer tickets. Payoff was & sig- 
n i f i c a n t l y  d i f f e r e n t  between t h e  pena l ty  groups,  however (Table 11, which in- 
d i o a t e s  a compensatory t r a d e o f f  between d r i v i n g  time and t icket rate. 
I n  Fig. 
272 
lep 
--- 
* 
&
 
* 
* 
* * * 
* 
* 
* 
8
 
27 3 
Blood Alcohol Concentration (BAC 1 , % W/V 
of BAC Where 1.0 = Relative Probability at  
Figure 2, Relative Probability of Crash Involvement 13 a Function 
Zero Alcohol (Adapted from Ref. 29) 
Average 
Tickets 
Per 
Ruin 
i .o 
.5 
0 
Tickets 
Siqnol 
Tickets 
.- 
Time 
I,- 
84 
Penalty Group 
Ell 
Driving 
Time 
( minutes 1 
Figure 3.  Penalty BFfeat on Ticket Rate and Total Time 
to Complete thelDriving Scenario 
274 
Some ins igh t  i n t o  the t i c k e t  reduct ion with increased penal ty  can be ga- 
ined from the s igna l  l i g h t  r i s k  acceptance plot shown i n  Fig. 4 (Ref, 30). 
Here we see t h a t  t h e  high penal ty  group perceived higher r i s k s  in s igna l  
f a i l u r e s  (i.e., running the  red l i g h t )  and was wi l l i ng  t o  go less often. The 
combined effect was much more conservat ive behavior for the  high penal ty  
group, leading to  better dr iv ing  performance, The P(G) and SP(F/G) differ- 
ences i n  Fig. 
not.  No group d i f fe rences  were observed f o r  aacident  data En t he  experiment, 
and because of the  magnitude of the  ticket and P(0) group differences i t  is 
assumed tha t  these are true penal ty  effects and no t  J u s t  between-group 
differences.  
4 were s ta t is t ical ly  s i g n i f i c a n t ,  but the  SP di f fe renae  was 
CONCLUDING REMARKS 
The following conclusions were drawn with respect t o  the  reward-penalty 
s t r u c t u r e  in our experiments: 
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Driving is n o t  i n t r i n s i c a l l y  motivat ing to  the  majority of 
t h e  population, and i n  experimental  tasks is even leas so. 
Real-world Motivation i n c e n t i v e s  such as  a c c i d e n t s ,  tickets, 
and desire t o  safe time, are e x t r i n s i c ,  
Rewards and p e n a l t i e s  must be tangible. Imaginary rewards 
and/or verba l  reinforcement are n o t  s u f f i c i e n t .  
Rewards and p e n a l t i e s  should s e r v e  as genera l  motivat ion,  but  
n o t  d i rect  feedback i n  t he  d r i v i n g  scenar io .  
Between r u n s  in an experimental  s e s s i o n ,  o v e r a l l  performance 
payoffs  should be withheld i n  o r d e r  t o  avoid feedback or  re- 
i n f o r c w e n t  which might modify behavior on subsequent runs.  
Our results show t h a t  employing a specifically designed mone- 
tary reward-penalty s t r u c t u r e  provides  s u f f i c i e n t  e x t r i n s i c  
motivat ion t o  d u p l i c a t e  a "real world" d r i v i n g  s i t u a t i o n .  
These r e s u l t s  on reward/penalty effects on d r i v e r  r i s k  t a k i n g  might be 
ex t rapola ted  t o  real-world d r i v i n g  behavior. Perhaps d r i v e r s  would d r i v e  
more conserva t ive ly  with increased and more evenly appl ied p e n a l t i e s  for  
t raff ic  v i o l a t i o n s .  
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SUMMARY 
The e f f e c t s  of changes i n  understeer,  control s e n s i t i v i t y ,  and locat ion 
of the  lateral aerodynamic center  of  pressure (c.p.1 of a t y p i c a l  passenger 
car on the driver's opinion and on the  performance of t he  driver-vehicle 
system were s tudied i n  the  moving-base dr iving simulator a t  Virginia  Poly- 
technic I n s t i t u t e  and State University. 
experience on the  simulator and no spec ia l  dr iving s k i l l s  performed regula- 
t i o n  t a s k s  i n  the presence of both random and step wind gusts .  
Twelve subjects with no p r i o r  
INTRODUCTION 
The performance of t h e  driver-vehicle system i n  the  presence of cross- 
wind disturbances i n  influenced by the  locat ion of the  lateral  aerodynamic 
center  of pressure (c.P.) of the  vehicle.  
The ex ten t  t o  which changes i n  c.p. locat ion are d iscern ib le  and/or 
objectionable to  ordinary drivers has up t o  t h i s  time been unknown. 
of t he  previous studies on wind gus t  disturbance regulat ion tasks  have 
concentrated on a s ing le  c.p. locat ion with the  c.p. most f requent ly  
placed a t  the  f ron t  wheels ( references 1-5). Also, although the  influence 
of changes i n  design parameters, such as understeer and cont ro l  s e n s i t i v i t y ,  
have been s tudied previously (references 3, 4 ) ,  t he  in t e rac t ion  of these  
parameters with the  locat ion of t h e  c.p. i n  a closed-loop task is unknown. 
Most 
The present  study examines the  influence of various combinations of 
understeerr control  s e n s i t i v i t y ,  and c.p. locat ion on t h e  performance of 
twelve ordinary dr ivers  i n  the  presence of wind gus t  disturbances.  
The Virginia Polytechnic I n s t i t u t e  and State University (VPtcSlJ) moving- 
bake dr iving simulator was chosen for: the  tests because of the  cont ro l  it 
o f f e r s  over the  parameters of i n t e r e s t  and because of the  success of previous 
research perfmned'with t h P  f a c i l i t y  (reference 1). The following sect ions 
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describe the  simulation f a c i l i t y ,  t he  experimental design and procedure 
employed, t he  performance measures u t i l i z e d ,  and t h e  r e s u l t s  obtained. 
THE WIGrSU DRIVING SIMULATOR 
T h i s  experimental f a c i l i t y  provides the  subjec t  with an  on-line, com- 
puter-generated, television-type display of t he  roadway i n  coordination with 
the  motion cues of yaw and r o l l ,  as w e l l  as lateral and longi tudinal  t rans-  
la t ion.  
vided f o r  the  enhancement of the  simulation realism. 
I n  addi t ion,  four  channels of sound along with v ibra t ion  are pro- 
Three separate inputs  were provided to  the  vehicle  m o d e l  used f o r  the  
simulation; naqely, s t ee r ing  wheel displacement, a c c e l e r a t o r b r a k e  displace- 
ment, and aerodynamic,force (wind g u s t ) .  The m o d e l  consis ted of a set of 
t r ans fe r  funct ions r e l a t i n g  the  three  inputs  to  the  vehic le  motion compo- 
nents. 
References 1, 6 ,  and 7 contain a detailed descr ip t ion  of the  dr iv ing  
simulator and related equipment; f igure  1 shows the  simulator motion p l a t -  
form. 
DEFINITIONS AND EXPERIMENTAL PROCEDURE 
Defini t ions 
The three experimental. var iab les  are defined b r i e f l y  as follows: 
1. C.p. locat ion,  X a  : The dis tance between the  front-wheel axis 
and the  poin t  of ac t ion  of t he  lateral aerodynamic force 
(see f igu re  2). 
Fa 
This var iab le  i s  expressed as a percentage of t h e  vehic le  wheelbase 
(xa = 0.0% corresponds t o  a c.p. lqcat ion a t  the f r o n t  wheels). 
2. Understeer, K : The numerical d i f fe rence  between t h e  s i d e s l i p  
angles developed a t  the  f r o n t  and rear wheals during a 1-g lateral 
accelerat ion.  
Understeer is conventionally measured i n  deg/g. 
t i on  of t h i s  concept is given i n  reference 8.  Figure 2 Fhows the  paths  
t h a t  vehicles  with understeer (K > 0) , neu t ra l  steer (K = 0 ) ,  and over- 
steer ( K  < 0) would €0110~ under the inf luence o f  ar ex terna l  side force  
act ing a t  the center  of gravity.  
A more de ta i l ed  descrip- 
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3. Control sensitivity, C.S. : The steady-state lateral acceleration 
(in g's) developed by a vehicle following a steering wheel displace- 
ment of 1.75 rad (100.0 degf. 
Experimental Design 
A mixed between-subjects and within-subjects factorial design was 
used, containing two levels of understeer (K = 3.0, 5.0 deg/g), two 
levels of control sensitivity (C.S. = 0.8, 1.2 g/100 des) , and three c.p. 
locations (xa = 0%, 19%, 37% of wheelbase) for a total of twelve vehicle 
configurations. 
previous simulator experience were used as subjects. 
female subjects were randomly assigned to each of the two understeer condi- 
tions (understeer was a between-subjects variable). The other two variables 
were factorially complete and equally likely for all subjects. 
were given a 1.5 min period of practice following which they were required 
to maintain a constant speed of 97 km/h (60 mph) while keeping their normal 
lane position in the presence of random wind disturbances. 
collected for a period of 2.0 min. Following the random wind disturbances, 
a series of step gusts were presented for an additional 2 .0  min period. At 
the end of each run, the subjects rated the disturbances they encountered, 
taking into account the vehicle path deviations and the amount of steering 
activity needed to maintain course. 
Six male and six female college students without any 
Three male and three 
The subjects 
Data were 
Data Collection 
The time histories of the vehicle lateral position and yaw heading 
deviations, as well as the driver's steering wheel inputs were recorded 
on an F.M. tape recorder. 
root-mean-square (ms) values of these time histories, together with the 
peak lane overshoots during the step gusts. 
The objective measures of performance were the 
RESULTS 
Subjective Ratings 
Figure 3 shows that the subjective ratings improve as the c.p, moves 
rearward. The other two variables had no significant effect on the ratings, 
Random Disturbance Performance 
Significant differences in lane-keeping performance occurred as a 
There is a strong indication of an result of changes in C,S, and Xa . 
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effect on lateral pos i t ion  deviat ion due to  an in t e rac t ion  between under- 
steer and c.p. loca t ion  and a s i g n i f i c a n t  e f f e c t  from t h i s  in t e rac t ion  on 
yaw deviations.  
Figure 4 shows that increases  i n  both C.S. and X a  r e s u l t  i n  decreases 
i n  la teral  pos i t ion  deviations.  
and xa tha t  approached s igni f icance  i n  shown i n  f igu re  5 .  The higher 
value of understeer has a bene f i c i a l  effect on lateral pos i t ion  devia t ions  
only when the  c.p. is  located close to  the f r o n t  wheels. 
show similar effects for yaw angle  deviations.  
The nature  of the  in t e rac t ion  between K 
Figures 6 and 7 
Steer ing wheel deviat ions were s ign i f i can t ly  affected by a l l  t h ree  
vehicle parameters. Furthermore, there  were s i g n i f i c a n t  e f f e c t s  due t o  
in te rac t ions  between c.p. loca t ion  and understeer and between c.p. loca t ion  
and cont ro l  s ens i t i v i ty .  
Figure 8 shows t h a t  increases  i n  K, C.S., and X a  a l l  have a similar 
effect; namely, to  decrease s t ee r ing  deviations.  Figure 9 revea ls  that  
increases  i n  Loth K and C.S. r e s u l t  i n  g r e a t e r  decreases i n  s t ee r ing  devia- 
t i ons  the  closer the center  of pressure is  t o  the  f ron t  wheels. 
Step Disturbance Performance 
The peak lane pos i t ion  overshoot w a s  measured from the  ac tua l  vehic le  
pos i t ion  prior to  the  gus t  onset  and not  from the  center  of t he  lane. 
1 Figure 10 shows t h a t  increases  i n  xa and i n  C.S. reduce peak l ane  
pos i t ion  overshoot. The effects of Understeer were accentuated as the  
c.p. locat ion moved forward, with the  lower l eve l  of understeer r e su l t i ng  
i n  the  l a r g e s t  lane pos i t ion  overshoot. 
DISCUSSION 
The subjec t ive  and object ive measures used i n  t h e  present  study 
ind ica te  t h a t  c.p, locat ion is an extremely important parameter f o r  wind 
gust  regula t ion  performance. 
lane deviat ions following a s t e p  wind gus t ,  and s t ee r ing  wheel deviat ions 
during presentat ion of the  random wind gus t  were a l l  highly s ign i f i can t ly  
affected by changes i n  c,p. location. Actual lane pos i t ion  deviat ions 
during the  random wind gus t  task  were only s l i g h t l y  less s e n s i t i v e  to  
changes i n  c.p, locat ion than these o ther  measures. 
Scores on the  0-10 Rating Scale, m a x i m u m  
In  spite of its g rea t  importance, however, c.p, loca t ion  is d i f f i c u l t  
t o  cont ro l  i n  p rac t i ce  (reference 9). For t h i s  reason, o ther  means f o r  
improving disturbance responses of the closed-loop dr iver-vehicle  system 
were explored; namely, through changes i n  understeer and cont ro l  s e n s i t i v i t y .  
Both parameters were found to  have a s ign i f i can t  e f f e c t  on wind gus t  regula- 
& 
t i o n  performance, although subjec t ive  opinion d a t a  f a i l e d  to dBtect @is 
effect. Increased l e v e l s  of understeer (K = 5.0 deg/g vs-3.0 deg/g) and 
cont ro l  s e n s i t i v i t y  (C.S. = 1.2 g/100 deg vs  0.8 g/100 deg) both had a 
bene f i c i a l  e f f e c t  on measures of path control and d r ive r  s t ee r ing  wheel 
deviations.  These bene f i c i a l  e f f e c t s  were accentuated where they were 
needed the  most; namely, a t  forward c.p. locations.  
CONCLUSIONS 
The following conclusions were reached: 
.Driver opinion r a t i n g s  were s ign i f i can t ly  influenced by c.p. 
loca t ion  only, with rearward locat ions rated the most favorable.  
.Lane-keeping accuracy improved as the  c.p. moved rearward 
and as cont ro l  s e n s i t i v i t y  increased. 
.For the  forward c.p. locat ions,  lane-keeping performance 
improved with increased understeer.  
.Steering wheel a c t i v i t y  required f o r  cont ro l  was reduced by 
increased understeer and cont ro l  s e n s i t i v i t y  and by rearward 
movement of t he  c.p., with t h e  e f f e c t s  of understeer  and 
cont ro l  s e n s i t i v i t y  accentuated a t  forward c.p. locations.  
Overall ,  the  loca t ion  of the  aerodynamic center  of pressure was the  
predominant vehicle  c h a r a c t e r i s t i c  with an inf luence t h a t  could only 
p a r t i a l l y  be o f f s e t  by changes i n  understeer and cont ro l  s e n s i t i v i t y .  
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Summary 
A twin-grip control yoke was designed as an ergonomic case study that allows 
dual axis control inputs, both axes being rotational. Inputs are effected by rotating 
the grips. It wil l be reported how the handles were designed with respect to their 
axes was evaluated. 
= shape and size and how the angular range of the control yoke in both rotational 
The hand grip design i s  based on the anthropometric data of the hand. The main 
parameters for the layout are the breadth of the hand, the grip circumference, and 
the thumb length. The steering task for which the control yoke i s  designed requires 
that the grip shape takes into account task relevant grip characteristics, such as a 
rest for hand and thumb cas well as a thumb operated switch button, One of the design 
requirements i s  the full use of the available motion range for steering inputs in the , 
two rotational axes which i s  limited by the human arm-hand-system. 
Using EMG activities, which were measured at the forearm, the permissible 
pitch and roll angles of the control yoke were evaluated to be + SO0, The limita- 
tion stems exclusively from the combined limits of the radial anrulnar ranges of 
abduction of the human wrist joint. It should be pointed out that in  this study the 
control range was not limited by muscle fatigue which i s  also measurable with EMG 
but rather by EMG levels which avoid painful loads on tendon and ligament struc- 
tures. The experimental series i s  based on an isotonic rotation in  both axes. EMG 
activities were only measurable under extreme angles of deflection. If the operator 
has to deflect the control element from its neutral position against a spring resistance 
a further reduction of the operational range wil l  be expected. 
Introduction 
In this study, a control yoke which requires two-hand operation was tested to 
determine its operating ranges. The intention of this investigation was to find out 
the optimal form of the control yoke and the maximum permissible operating range in 
both rotating axes. In these experiments controls had no spring resistance. Future 
studies wil l involve controls with spring resistance. 
aqb 
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The control yoke has two rotating axes. Vehicle direction changes to the left 
or right are accomplished by turning the yoke as with a steering wheel of an auto- 
mobile, called here roll motion, Vertical vehicle direction changes are accanplished 
by rotating the yoke handles towards or away from the operator which wil l be called 
pitch motion. 
pitch J M ~  
mutrtl position I ndkl abduction I UlMfabdUCtiOn 
Figure 1 : Influence of roll axis rotation of a twin grip control yoke 
on radial and ulnar abduction angles of both hands 
In the left of the upper row of figure 1 i s  to be seen the neutral position and 
in the middle and right pictures of this row the extreme excursion during the pitch 
movement, These two pictures illustrate the biomechanical paition limits of the hand 
when rotating the yoke towards and away from the operator. The pitch motion of the 
hand towards the operator i s  accomplished by radial abduction; pitch motion away 
from the operator i s  accomplished by ulnar abduction, Similar hand positions are shown 
in  the lower row of pictures with a 45' roll angle position coupled with neutral, ra- 
dial and ulnar pitch abduction. 
With 0' pitch angle and roll motion to the right, radial pre-abduction wil l 
have occured in  the right hand and sane ulnar pre-abduction in  the left hand, there- 
by restricting the available amount of further abduction for pitch command purposes, 
It can be shown that with increases in roll motion to the right pre-abduction wil l  
increase until biomechanical limitations make pitch commands impossible or very 
difficult, Similar pre-abduction occurs with left roll motions. 
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Biomechanical consideration of the arm-hand-system 
Figure 2 illustrates the abduction range of the hand, In the left part of the 
picture there i s  shown a hand in two positions holding a stick. The hand rotates by 
an assumed axis of rotation through the wrist joint, as indicated by a small circle. 
This hand, turned 8 to 12O, corresponds to the normal resting position of the human 
hand . 
If the prolonged center line of the forearm i s  considered as the reference line 
a natural pre-abduction of the hand can be noticed. The values given in the 
literature [e.g. 11 for the ulnar and radial abduction of the hand are based on this 
resting position. There i s  obviously no relationship between the angle at which the 
hand i s  in the natural resting position and the maximum range of abduction of the 
5th to 95th percentile. On the right part of the figure the angle Lange i s  shown for 
the radial abduction with 35' and for the ulnar abduction wJth 53 measured from 
the resting position of the hand. This abduction angle of 88 i s  equivalent to the 
90th percentile . 
ulnar abduction radial abduction 
natural hand position total range of hand 
movement 
(90 th percentile) 
Figure 2 : Abduction range of the hand 
If 9' i s  subtracted , which corresponds to the natural pre-abduction from 
the range of the ulnar abduction, a value of 4' both for the ulnar and for the 
radial angular range wil l be obtained, This consideration i s  important for practical 
applications in so far as there should be the same angular range in radial as in  ulnar 
direction for the pitch movement, i.e. the up and down maneuver of the vehicle. 
If the total abduction ability of the hand is  used for turning a control yoke, two 
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rotational axes can be selected. These two rotational aces of the control yoke cross 
in the steering column. In figure 3 the case i s  shown where the rotational axis of 
the wrist joint i s  equal to the axis of the control element. Consequently, there i s  
hardly any motion of the forearm. The total range of abduction i s  used 
range, that i s  for radial abduction of 35' and for ulnar abduction of 53 measured 
pitch angle 
from the resting position, There i s  o 
the rotational ax is  of the wrist joint 
of the hand grip for small and large 
shoulder joint 
V 
\ \ '  
light disadvantage of forearm movement when 
does not correspond with the rotational axis 
hands, This effect does not occur if the rotational 
uhar abduction 
a) rotational anis through the wrist joint 
shoulder joint 
0 
total abduction r a m  
is 880 (90 th prontilr) 
b 1 totationd -1s through the volar hand 
Figure 3 : The range of forearm motion for different 
rotational axes of the control yoke 
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axis of the hand grip corresponds with the center of the hand volar or palm as shown 
in the picture below. A pronounced up and down movement of the forearm which re- 
sults during ulnar and radial abduction i s  glustrated in figure 3. Though, radial and 
ulnar abduction come to their limits at 88 for the maximal w c t i o n  ofothe 90th 
percengle, the maneuvering pitch angle range only reaches 68 , e.g. 27 for radial 
and 41 for ulnar abductions from the resting position. 
Anthropometrical Design of the control grie 
Figure 4 shows the aperator sitting in front of the control console. The angle 
of inclination with respect to the body wil l  be selected in  a way so that the arm- 
hand-system of a 50th percentile operator measured fran the shoulder reference point 
i s  in a position to turn the control ydte with’the same angular values in ulnar and 
radial direction. A control yoke i s  shown, the rotational axis of which goes through 
the volar hand. 
r 
L 
Figure 4 : Suggested anthropometric parameters for seated OQarator console 
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The control task for which the control yoke was designed requires a specially 
shaped grip which takes into account task relevant grip characteristics, such os a 
hand and a thumb rest and a switch button that i s  thumb operated (figure 5). The 
design of the grip was based 4 the 95th percentile hand. The dimension A of the 
palm was based on hand width. The hand fits between the hand rest and the top 
section of the grip. The fingers span the grip slantwise to the longitudinal ax is  of 
the grlp and not i n  parallel fashion as they would with a cone. 
switch button 
\ 
hand rest 
Figure 5 : Anthropometric parameters for designing a hondgrip 
So long os the switch button i s  not used, the operator can smoothly move his 
hands with the control yoke and follows i ts motions. Under these working conditions 
the hand of the 95th percentile man i s  resting on the hand support ond the thumb i s  
on i ts  thumb rest, Smaller hands such as the 50th or 5th percentile hands can use 
either the hand rest or the thumb rest as a basic working porition during the control 
task . 
top section concave thumb 
\ hand rest 
Figure 6 8 Anthropometric parameters for designing 0 ha&rip 
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The basic dimensions of the grip ore the dimensions of an ideal conical bar 
which was first used by Henning, Henning urggests an increase in r d i w  by 5 mm 
for each 80 mm in length. The grip i s  finger parallel and the fmm axis i s  ver- 
tical to the cone cwis.The circumference i s  obout 150mm for a 95th percentile hand, 
As can be seen from the left picture of ffgure 6 the finger tip touch lightly the 
opposite part of the hand and the thumb rests on parts of the pointing fimr. If the 
cone i s  clored the fingers are inclined to the longitudinal axis of the cone. A grip 
was derigned using finger indentation and on qsproprlate deviation of the cone shape 
as may be seen in figure 5. 
With this grip the finger tip of the 95th percentite hod are ot moll but 
constont distance from the opporlte part of the hand. For the smaller hand, like 
5Oh or 5th percentile hands this dfstmce b c ~ s  lar~er but s t i l l  guwcanties a good 
fonn clowo, With this design a targer thumb rest was used which results in a s o p  
ration of the possible tach between the thumb a d  tho fingers, The location of a 
switch button in the grip head WOI based on the thumb tength of the 50th percentile 
hand. Thumbs which are longer and shorter than 50th percentile ore s t f l l  in  position 
to operate the switch button by UM of lowar or upper parts of the thumb respec- 
tive1y.A concave depression in the top section of the grip allows sufficient motion 
for larger thumbs when pressing the switch, 
Biomechanical determination of the operating range of the twin-grip control yoke 
For the layout of a control yoke both onthrapometrlc and bianechanlc qual- 
ities of the human hand-arm system must be conaidered. A method i s  proposed in this 
paper which permits a determination of a bianechonical r v  on the b i s  of sur- 
face electromyography activities which are hvolved in movement and face exertion. 
At the limits of movement, rather hi& DAG activity occurs together with such con- 
sequences 01 muscle, tendon, or ligament strain and/or pain. 
For EMG measurements, subjects were instructed to grip the yoke lightly with 
both hands so that no forearm muscles were contracted. For oach rolected roll ongle 
paition of the yoke, the control WQI then slowly moved thrwgh both pitch direc- 
tions, Row EMG signals were processed with o double wove rectifier and o special 
averaging filter [ 2, 3, 41 
EMG activity for the right hand In a m k r  of different rdl angle potitions 
we illustrated in figure 7 e4 u tunction of pitch onglm for roll an~les in the right 
direction. The curves Illustrated we only for EMG values recorbd during increaing 
pitch anglas 01 them represent the wont case far control evaluation, 
The upper EM0 value of "1" unit WOI wbltrarily gtven to the EMG level ob- 
tained when wrist toint pain was exprknced after repeatedly holding on ongle PO- 
sit ion for a few secondr. The maximum value of the cumes (opprox, .75 units) i s  
obtained at the maximum pitch anale which WOI measured, The ma#imum pitch onglo 
Figure 7 : EMG octtvltles of rodid and ulnar abductor8 of o right h a d  with 
oath percentile wrlst movement range 01 o function of pitch -le 
far varlour roll angles, Roll movement i s  tn ri&t 
Ftguro 8 t EMG actbdh of todid and ulnar abductan of a right h d  wttt, 
OOIh percentile wrist mwment roqp 01 o function of pitch -la 
for vatigur roll angles, Rol mwmmt fr tn left 
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meaured wos selected after experlmentolly determining the maximum pitch angle at 
A l c h  no wr i s t  poln build-up occured during fairly long measuring sessions, For any 
given pitch angle thwe is a tendency for &re-abductlon to be largor with larger caw 
stmt roll angles, It can be soen that at 0 roll angle the full range of poaibte win) 
movement of the subfect can be %sed for pitch canmanjs in both directions because 
there i s  no pre-abduction. At 60 rolt angle to the right, radial prcr-obduction i s  so 
largd that no pitch ongle mowment in his "pull up" direction i s  possible, In the 
right si& of tha figure ,ha EMG curvesofor ulnar abduction !,e, in the "push down" 
direction ts illustroted, Tha ((5' and 60 roll ongle permit relotivaly lorgo "pull up" 
cmmandr although th. CUNW do not rise as high 01 thorn for radial obduction on 
the left side of the figure, The reom for this Is thot u l w  abductfan of the left 
had, which 7s not illustrated, reaches o l imit at them pitch ongles before the right 
h d ,  thereby preventing further ulnor abductbn of the right had, Of cwrse, re- 
lease of the control by the left hand would hove permitted further movement, 
EMG votues fw ulnor and radial obduction af $0 right hond i s  sbwn in ffg- 
ure 8 for left roll at voriout roll onglos, As con h won on the left si& of the 
figure for left roll, right hod "pult-up" pitch camsands or rodiol abduction move- 
ment i s  so wverel limited by rodiol pre-obduction of the left hand in oll roll ongle 
porttiom oxcept 0 thot further movmonts ore not porriblu, The ronge of uhor ab- 
duction or "push-dawn" commands illustroted on the right si& of tha figure is  sllghtly 
reduced by ulnor pre-duction thereby allwlng considaroble movemsnt before he 
ulnar abduction limits ore reoched, 
8 
Oiscuulon of the EMG-measurements 
In &signing o r o w  for this control device tho following points ore the mort 
tmportont to consider. 1, It should permit the lorgnrt porrfble pitch angle in both 
directions for each of the hgost pocsfbk roll angles for subjects with 5th percentile 
wrtst movement ranges, 2, Only lower levels of fM0 activity should ol~cvr molt of 
the ttme during control operations, Mockrota EM8 activity levels should occur very 
briefly and no hi& EMG octlvity at all, 
As con bo notlcd in the figure 7 and 8 thou requiremuntc can 9 mt ts f i rd  
fer the wbluct tested with roll and pitch angle ranges of opprutc, + 30 each (at 
&$ah no more thon 0,5 units of EMG activity oar reached). It sh&ld be pdntad 
wt that in this study the control r m  WQ not &tomined by rnurclr fatigue limits 
which we also measurable with EMG but rothor by EM0 Iwolr which wdd pofw 
ful I d  on tendon and ligament structures. fha EMG mowrlng method presented 
prowad to be o voluoblo ob@ctivu old for detrnnintng on odvontqeous control range. 
305 
Jteferences 
[ 13 
[2] 
[ 31 
Damon, A.) H.W. Stoudt, R.A. McFarland. 1966. The Human Body i n  
Equipment Design. Hward University Press, Cambridge 
Kreifeldt, J.G. 1971, Signal versus noise characteristics of filtered EMG . 
used as 0 contrd source. IEEE Trans. Biomed. Eng. 18: 16 - 22. 
Rau, G. 1973. Ein verbessertes Maadystem zur quantitativen Oberfltichen- 
myographie (An improved measuring system for quantification of surface 
electromyography). Anthr-technische Mitteilung No. 2/73. Fmchungs- 
itistitut fur Anihropotechnik, Buschstrak, 5309 Meckenheim, Germany . 
impedance influences. In : Richard C. Nelson and Chauncey A. Morehouse 
(eds.) Biomechanics IV, pp. 322 - 327. University Park Press, Baltimore. 
[ 4 ]  Rau, G. 1W4. Improved EMG quantification through suppression of skin 
306 
EVENT-DRIVEN 
A. K. Bejczy 
Member of Technical 
DISPLAYS FOR MANIPULATOR CONTROL *) 
G. Paine 
Staff Member of Technical Staff 
Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 91103 
SUMMARY 
This paper considers the problem of constructing event-related 
information displays from multidimensional data generated by proximity, 
force-torque and tactile sensors integrated with the terminal device of a 
remotely controlled manipulator. 
using appropriate algorithms acting on sensory data in real time. 
of event-driven information displays is to lessen the operator's workload and 
to improve control performance. 
event-driven display examples that have been implemented in the JPL tele- 
operator project, including a brief outline of the data handling system which 
drives the graphics display in real time. One application shows the integra- 
tion of a set of four proximity sensors with a JSC four-claw end effector for 
the shuttle manipulator training facility of JSC. The paper concludes with a 
discussion of future plans to incegrate event-driven displays with visual (TV) 
information, 
Event-driven displays are constructed by 
The purpose 
The paper describes and discusses several 
I. INTRODUCTION 
The objective of this paper is to show and discuss display techniques 
aimed at reducing the dimensionality of proximity, force-torque and tactile 
sensor data, and conveying the sensory information to the operator of a remote 
manipulator in terms of significant events related to the control task. An 
event-driven display is a display which shows whether or not some desired 
state of the teleoperator effectordsensors has been achieved. 
not show the details of the state itself, rather it displays the occurrence 
of the event. 
sensory data in terms of control goals or subgoals which require specific 
control decisions and actions. 
It may or may 
Hence, event-driven displays compress and explicitly indicate 
The general problem of displaying information generated by proximity, 
force-torque, tactile and slippage sensors integrated with the terminal device 
oE a mechanical arm has been treated in a previous paper (see Reference 1). 
*) This work represents one phase of research carried out at the Jet Propul- 
sion Laboratory, California Institute of Technology, under Contract No. 
NAS7-100, sponsored by the National Aeronautics and Space Administration. 
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The information generated by t h e s e  sensors  is  b a s i c a l l y  non-visual: s h o r t  
(few cent imeters)  d i s t a n c e s  i n  given d i r e c t i o n  between te rmina l  device and 
o b j e c t ;  amount of f o r c e  and/or torque exer ted  by t h e  te rmina l  device on 
o b j e c t s  a long t h r e e  orthogonal axes  referenced t o  t h e  terminal  device; d i s -  
t r i b u t i o n  and amount of contac t  a r e a  pressure  between terminal  device and 
o b j e c t ;  o r  s l i p  of an o b j e c t  i n  some d i r e c t i o n  on t h e  inner  s u r f a c e  of 
mechanical "fingers". 
t h i s  type of information t o  t h e  opera tor  of a remote manipulator are t o  make 
non-visible events  v i s i b l e  o r ,  a l t e r n a t i v e l y ,  t o  make non-vis ible  events  
e a s i l y  perce ivable  by using some appropr ia te  means (e. g., audio tones)  . 
Hence, t h e  general  problem and o b j e c t i v e  of d i s p l a y i n g  
The information generated by proximity,  force-torque, t ac t i le  and 
s l ippage  sensors  has  two s p e c i f i c  fea tures :  
r e q u i r e s  quick (sometimes spl i t -second)  dec is ion  o r  c o n t r o l  response.  It is 
noted t h a t ,  i n  general ,  t h e  required dec is ion  o r  c o n t r o l  response is a l so  
multidimensional.  The use of multidimensional d a t a  wi th  quick  response 
requirements i n  a real  t i m e  manual or computer c o n t r o l  environment i s  a 
demanding perceptual  and cogni t ive  workload f o r  t h e  opera tor  of a remote 
manipulator.  It is a major source of e r r o r s ,  and can r e s u l t  i n  a genera l  
degradation of cont ro l  performance. The purpose of event-driven sensory 
information d i s p l a y s  is t o  l e s s e n  t h e  o p e r a t o r ' s  workload and t o  improve 
o v e r a l l  c o n t r o l  performance of remote manipulators.  
i t  is multidimensional,  and it 
The concept of sensory information "events" is discussed i n  Sec t ion  11. 
The general  f e a t u r e s  of "event-driven displays"  are b r i e f l y  discussed i n  
Sect ion 111. 
have been implemented i n  t h e  J P L  t e l e o p e r a t o r  p r o j e c t .  
uses  of  four  proximity sensors  and a s i n g l e  use of a six-dimensional force-  
torque sensor  i n t e g r a t e d  with manipulator end e f f e c t o r s  employing both audio 
3nd graphic d isp lay  techniques.  One a p p l i c a t i o n  shows a set of f o u r  proxim- 
i t y  sensors  i n t e g r a t e d  with a JSC four-claw end e f f e c t o r  t o  be used a t  t h e  
JSC Manipulator Development F a c i l i t y .  A s i m p l e  touch sensor  example i s  a l s o  
descr ibed.  The concluding Sect ion V summarizes the  results and o u t l i n e s  
f u t u r e  p lans  t o  i n t e g r a t e  event-driven d i s p l a y s  with v i s u a l  (TV) information.  
A b r i e f  d e s c r i p t i o n  of t h e  d a t a  handl ing s y s t e m  which d r i v e s  t h e  graphics  
d i s p l a y s  i n  real t i m e  is presented i n  t h e  Appendix. 
Sect ion I V  d e s c r i b e s  s e v e r a l  event-driven d i s p l a y  examples t h a t  
These inc lude  two 
11. SENSORY INFORMATION "EVENTS" 
Proximity,  force-torque and touch sensor  d a t a  a r e  i n h e r e n t l y  mult i -  
dimensional.  
t o r i e s  of t h r e e  orthogonal f o r c e  and t h r e e  orthogonal torque components 
normally referenced t o  a hand coord ina te  frame. The hand coord ina te  frame 
i t se l f  is a v a r i a b l e  ( i . e . ,  has  time t r a j e c t o r i e s )  r e l a t i v e  t o  a f ixed  "base" 
re ference  frame. A mul t ipo in t  propor t iona l  touch sensor  measures t h e  area 
d i s t r i b u t i o n  and amount of contac t  pressure  over a f i x e d  s u r f a c e .  
proximity sensor  measures s h o r t  (few cent imeters )  d i s t a n c e s  i n  a given d i rec-  
t i o n  r e l a t i v e  t o  a hand coordinate  frame. 
given emplacement geometry on the  hand can measure s e v e r a l  o r  a l l  s i x  
p o s i t i o n  and o r i e n t a t i o n  v a r i a b l e s  OF t h e  hand r e l a t i v e  t o  o b j e c t s .  
A s ix-dinensional  force-torque sensor  outputs  t h e  time t r a j e c -  
A s i n g l e  
Several  proximity sensors  i n  a 
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A sensor-referenced o r  sensor-guided manipulator  c o n t r o l  t a s k  c o n t a i n s  a 
goal o r  a set of subgoals.  
combination of va r ious  sensory da ta .  
t r a j e c t o r i e s  of va r ious  sensory d a t a  a t  a s i n g l e  p o i n t  o r  w i t h i n  a given sub- 
volume of  a multidimensional d a t a  space can be  c a l l e d  a sensory information 
"event". 
t h e  c o n t r o l  goal  or subgoals i n t o  a mult idimensional  d a t a  space.  
The c o n t r o l  goa l  or subgoals  are expressed as a 
The simultaneous occurrence of time 
Hence, sensory information "event" is t h e  p r o j e c t i o n  o r  mapping of 
Figure 1 g i v e s  simple i l l u s t r a t i o n s  f o r  t h e  concept of sensory informa- 
t i o n  "event". Equal l e n g t h  of two proximity senso r  beams can be  a n  "event" 
i n  t h e  s e n s e  t h a t  i t  may s i g n i f y ,  e.g., t h e  r o l l ,  yaw o r  p i t c h  alignment of 
a mechanical hand r e l a t i v e  t o  a n  o b j e c t .  Equal magnitude of two or thogonal  
f o r c e  components can be an "event" i n  t h e  s e n s e  t h a t  i t  may s i g n i f y ,  e.g., 
t h e  push o r  p u l l  of an o b j e c t  by a mechanical hand i n  a given d i r e c t i o n .  O r ,  
f o r  i n s t ance ,  h a l f  con tac t  coverage of  a touch- sens i t i ve  a r e a  on a mechanical 
f i n g e r  can be an "event" i n  t h e  s e n s e  t h a t  i t  may s i g n i f y ,  e.g. ,  t h a t  t h e r e  
i s  s u f f i c i e n t  con tac t  between hand and o b j e c t  f o r  s u c c e s s f u l  grasp.  
The o p e r a t o r ' s  a t t e n t i o n  i n  bo th  manual and computer c o n t r o l  is normally 
focused a t  t h e  c o n t r o l  g o a l s  o r  subgoals ,  t h a t  is, a t  t h e  sensory information 
Typical ly ,  when such "events" occur ,  some c o n t r o l  a c t i o n  must be 
taken. It is t o  t h e  o p e r a t o r ' s  advantage t o  have t h e s e  sensory "events" d i s -  
played i n  e a s i l y  pe rce ivab le  and unmistakably unique forms. I n  t h e  absence 
of such "event" d i s p l a y s ,  t h e  o p e r a t o r  must determine t h e  occurrence of t h e  
time. 
but a l s o  a common source of e r r o r s .  
events". 11 
event!' by fol lowing and eva lua t ing  a multidimensional set of d a t a  i n  real I1 
This  is no t  only a demanding t a s k  and heavy workload f o r  t h e  o p e r a t o r ,  
111. DISPLAY OF "EVENTS" 
Event-driven d i s p l a y s  can be implemented by developing and/or  employing 
appropr i a t e  real-time algori thms which (a) coord ina te  and e v a l u a t e  senso r  
d a t a  i n  terms of predefined "events" and, (b) d r i v e  some a p p r o p r i a t e  informa- 
t i o n  d i s p l a y  i n  real time. Manipulator c o n t r o l  t a s k s  can be  subdivided i n t o  
a mul t i tude  of sensory "events", and each event  may have a v a r i e t y  of charac- 
t e r i s t ic  parameters.  Thus, t he  development of f a i r l y  gene ra l  purpose event- 
d r iven  d i s p l a y s  r e q u i r e s  t h a t  t h e  log ic /pa rame t r i c  s t r u c t u r e  of  t h e  algo- 
ri thms be f l e x i b l e  i n  the  sense  t h a t  changing c o n t r o l  g o a l s  o r  subgoals can 
be  accommodated by simple call-changes i n  t h e  a lgo r i thms  i n  a given c o n t r o l /  
ope ra t ion  environment. 
The a c t u a l  event d i s p l a y  can be implemented by a l t e r n a t i v e  means, t h e  
s e l e c t i o n  of which depends on t h e  a p p l i c a t i o n  environment. 
d i s p l a y s ,  both audio and v i s u a l  d i s p l a y  techniques are s u i t a b l e .  An impor- 
t a n t  cons ide ra t ion  for  s e l e c t i n g  o r  designing event  d i s p l a y s  is t h e  "warning 
e f f e c t "  t h e  d i s p l a y  can o r  s h a l l  impose on t h e  o p e r a t o r .  By d e f i n i t i o n ,  t h e  
Occurrence of a sensory event should c a l l  t h e  o p e r a t o r ' s  a t t e n t i o n  t o  some 
appropr i a t e  c o n t r o l  dec i s ion  o r  c o n t r o l  a c t i o n ,  without  d i s t u r b i n g  h i s  normal 
v i s u a l  a t t e n t i o n  d i r e c t e d  toward t h e  o v e r a l l  c o n t r o l  task.  Note t h a t  t h e  
c o n t r o l  can r e q u i r e  spl i t -second d e c i s i o n s .  
For event  
Another important cons ide ra t ion  
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is r e l a t e d  t o  t h e  s e l e c t i o n  of t h e  con ten t  of  t h e  d i s p l a y  format.  How much 
and what kind of  d e t a i l e d  information t h e  o p e r a t o r  should b e  exposed t o  i n  
a d d i t i o n  t o  t h e  "event information" w i t h i n  t h e  same g e n e r a l  frame of  
information? Too much information can be d i s t u r b i n g .  Too l i t t l e  information 
can defy t h e  purpose. The d i s p l a y  of uncor re l a t ed  d a t a ,  o r  t h e  d i s p l a y  of 
c o r r e l a t e d  d a t a  i n  uncor re l a t ed  form, may impose heavy c o g n i t i v e  load  on t h e  
ope ra to r .  
Properly designed event-driven d i s p l a y s  are expected t o  have a number of  
bene f i t s :  (a) s impl i fy  on-line c o n t r o l  dec i s ions ;  (b) reduce e r r o r s  caused 
by human f a c t o r s ;  (c) reduce pe rcep tua l / cogn i t ive  workload on human o p e r a t o r  
i n  a real-time c o n t r o l  environment; (d) improve o v e r a l l  c o n t r o l  performance 
i n  c o n t r o l  s i t u a t i o n s  which many times r e q u i r e  spl i t -second type c o n t r o l  
dec i s ions .  
I V .  EXAMPLES 
A. Event-Driven Proximity Displays 
Event-driven d i s p l a y s  have been cons t ruc t ed  f o r  proximity s e n s o r s  on 
two arms i n  t h e  JPL t e l e o p e r a t o r  p r o j e c t ,  and a l s o  f o r  a proximity senso r  
system developed a t  JPL and i n t e g r a t e d  w i t h  t h e  four-claw end e f f e c t o r  of 
JSC t o  be used a t  t h e i r  s h u t t l e  manipulator t r a i n i n g  f a c i l i t y .  
1. - JPL  Teleoperator  A r m s  
Both t h e  JPL/CURV and JPL/Ames arms are equipped with f o u r  proximity 
senso r s ,  and t h e  event-driven d i s p l a y  developed r e c e n t l y  is a p p l i c a b l e  t o  
both senso r  systems. 
two arms, t h e  senso r  d i s p l a y  d r i v e  so f tware  is common except  f o r  t h e  r o u t i n e s  
t h a t  g e t  t h e  d a t a .  S imi l a r ly ,  t h e  event  l o g i c  is common. The d e t a i l s  of  t h e  
computer hardware and so f tware  are desc r ibed  i n  t h e  Appendix. 
Although t h e  senso r  hardware is q u i t e  d i f f e r e n t  on t h e  
The gene ra l  format of graphics  d i s p l a y  of f o u r  proximity s e n s o r s  d a t a  i s  
shown i n  F igu re  2. 
hand and fou r  beams emanating from tile hand, two from each jaw. 
l e n g t h s  are p ropor t iona l  t o  t h e  s e n s i t i v e  l e n g t h  of t h e  senso r  beams. 
beam l e n g t h  is bound t o  10 cm (4 i n , ) .  
The d i s p l a y  shows a view of t h e  "bone" of  a p a r a l l e l  jaw 
The beam 
Each 
Figure 3 summarizes t h e  proximity e v e n t s  t oge the r  with t h e  event  l o g i c  
D is always def ined p a r a l l e l  t o  and 
and event parameters t h a t  have been implemented, 
t i o n  t h e  parameter D is f i x e d  a t  5 cm. 
halfway i n  between the  two beams which measure r o l l  and yaw al ignments ,  
r e s p e c t i v e l y ,  and r e l a t i v e  t o  t h e  l i n e  connect ing t h e  two f i n g e r t i p s .  The 
to l e rance ,  T, can be set by switch i n p u t s  on t h e  computer 's  f r o n t  panel.  
Values from 0.5 t o  7.5 cm are allowed. Any combination of t h e  f o u r  event  
l o g i c  equa t ions  may be s e l e c t e d  t o  c o n t r o l  t h e  event  success b l i n k e r .  
success  may be def ined as X alignment with a to l e rance ,  say,  of 1 cm (corres-  
ponding t o  about 5 degrees  when t h e  hand is f u l l y  open). O r ,  t h e  success  may 
I n  t h e  p r e s e n t  implementa- 
The 
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be defined as Y range of 5 cm together with X alignment t o  within 0.5 cm 
tolerance (corresponding to  about 2.5 degrees when t h e  hand is f u l l y  open). 
This latter "success case'' would be usefu l  i n  moving the  hand over a t ab le  
to  a wall while holding an objec t  v e r t i c a l .  
r o l l  angle would be small as t h e  range measurement is made on both sensors  
and the objec t  would be held with the  hand 5 c m  above the  tab le .  
approach t o  the wall would be reached with the  hand perpendicular t o  the  wall. 
With t h i s  event log ic ,  t he  hand 
The f i n a l  
The event ind ica tor  bl inker  has i n i t i a l l y  been placed i q  the top l e f t  
hand corner of the  monitor screen. 
t he  monitor, t he  operator does not  have tc evaluate  t h e  four  beams quantita- 
t i v e l y  i n  terms of a predefined event. 
d r ive  log ic  automatically and i n  real time. 
look a t  the  four beams t o  determine, e.g., why t h e  success b l inker  is "off"; 
t h a t  is, what t o  do i n  order  t o  ge t  the  success b l inker  "on". 
Though a l l  four  sensor beams are shown on 
This is done f o r  him by the d isp lay  
He can take a more q u a l i t a t i v e  
Figure 4 shows two uses of the  event-driven proximity display.  The 
f i r s t  pair of photographs (Figure 4A) shows the  hand above a t ab l e  and 
skewed t o  a block. The task is t o  achieve alignment with the f ab le  and t h e  
block. 
t o  the  block while maintaining the  hand l e v e l  a t  5 c m  above the tab le .  The 
second p a i r  of photographs (Figure 4B) shows t h a t  t h i s  has  occurred and the  
event bl inker  has come on. The th i rd  p a i r  of photographs (Figure 4C) shows 
a d i f f e ren t  alignment problem. 
l e v e l  over the  p l a t e  on the  table .  There are no forward references.  Follow- 
ing the required correct ions as indicated by the  d isp lay ,  t h e  desired l e v e l  
s ta te  is achieved, and the  event bl inker  comes on as shown i n  the  four th  pair 
of photographs (Figure 4D). 
The display shows the  operator how t o  br ing the  hand perpendicular 
Here, i t  is desired t o  br ing the  hand i n  
While the two uses of t h e  event-driven display shown i n  Figure 4 are 
simple, tney do demonstrate the usefulness of the  concept. 
t asks  are performed and analyzed, a de ta i led  examination of the  bene f i t s  can 
be made. Future improvements i n  implementation are a l s o  planned t o  enable a 
broader va r i e ty  of events t o  be defined. 
ances could be individual ly  defined r a the r  than being commonly constrained 
as a t  present.  
As more complex 
Ranges, alignment angles and to le r -  
2. JSC Four-Claw End Effector  
A proximity sensor has  been developed f o r  and integrated with a four- 
claw end e f f ec to r  of JSC, The purpose of t h i s  sensor system is t o  a i d  the 
operator t o  f ind  the  proper f i n a l  depth posi t ioning and p i t ch  and yaw al ign-  
ments of the  four-claw end e f f ec to r  on a 16-m long manipulator relative t o  
the  grapple f i x t u r e  of a l a rge  payload. 
guided. 
The overall cont ro l  is v i sua l ly  
The sensor system, together  with the  grasp envelope and measurement 
def in i t ions  are shown i n  Figure 5 .  The use of the  sensor system is presently 
r e s t r i c t e d  t o  the ve r i f i ca t ion  of a "successful grasp state" before grasp 
act ion is i n i t i a t e d .  
dimensions of the  grasp envelope (see Figure 5) and by t h e  dynamics of grasp. 
The "8uccessful grasp state" is  defined by the  
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When a "successful grasp state" has  been reached, t h e  da ta  processing 
e l ec t ron ic s  automatically turna on a simple "success display" (a buzzer o r  
a green l i g h t ,  o r  both), ind ica t ing  t o  the  operator  t h a t  he is ready to  
grasp. 
The da ta  processing required t o  d r i v e  the "success display" has  two 
modes: 
s i m p l e  as indicated i n  Figure 6. 
t a t i o n  t h e  f u l l  c a p a b i l i t i e s  of the  sensor  system cannot be u t i l i z e d  t o  
account f o r  a l l  physically poss ib le  combinations of depth, p i t ch  and yaw 
e r r o r  states which, due t o  t h e  dimensions of t he  end e f f e c t o f ' s  grasp enve- 
lope, s t i l l  would allow successfu l  grasp. To achieve a f u l l  u t i l i z a t i o n  of 
the sensor  system c a p a b i l i t i e s  versus  a l l  allowable depth, pitch.  and yaw 
e r r o r  combinations, "success algorithms" have been developed and implemented 
using an I n t e l  80/20-4 single-board microcomputer together  w i t h  an I n t e l  
single-board A/D converter.  
analog and d i g i t a l .  The analog d r ive  l o g i c  implementation is  q u i t e  
I n  f a c t ,  with t h i s  s imple  analog implemen- 
For the  purpose of experimentation, severa l  "success algorithms" have 
been implemented i n  the d i g i t a l  computer t o  d r i v e  t h e  d isp lays .  The algo- 
rithms are s imple ,  and account f o r  a l l  (or f o r  almost a l l )  al lowable e r r o r  
states combinations fo r  successful  grasp. 
mented which u t i l i z e  the  outputs  of any three  out  of the  four  sensors  t o  
ind ica t e  t h e  "success states", 
f a i l s ,  o r  i f  one sensor eventual ly  misses the top (reference) sur face  of t h e  
grapple f i x t u r e  due t o  allowable lateral alignment e r ro r s .  
four-sensor configurat ion is redundant t o  def ine and compute depth,  p i t c h  
and yaw e r r o r s .  
s u f f i c i e n t  for tha t  purpose.) 
Algorithms have a l s o  been imple- 
This  is usefu l  i f  one sensor eventual ly  
(Note t h a t  t h e  
A t r iangular  configurat ion of t h ree  sensors  would be 
For t h e  sake of brevi ty ,  only one "success algorithm" is shown i n  t h i s  
paper, suntmgrized i n  Figure 7. 
denses t h e  individual ly  allowable p i t ch  and yaw e r r o r s  i n t o  a simple allow- 
ab le  cone angle e r r o r  condition. 
of "success def in i t ions"  have been developed, each with three  sets of 
four" and f o r  "three-out-of-four" sensors ,  
s tored i n  EPROM i n  the  microcomputer. 
e a s i l y  c a l l a b l e  by d i a l ing  the  appropriate  number between 1 and 18 on a BCD 
switch in tegra ted  w i t h  the  microcomputer, 
It is c a l l e d  "conic algorithm" s ince  it  con- 
(See Condition 2 i n  Figure 7.) Three kinds 
success parameters". A l l  n ine va r i a t ions  have been implemented f o r  "al l  t l  
A l l  together  18 algorithms are 
Any one of t he  18 algorithms are 
Very successful  operat ional  ground tests have been conducted with the  
sensor and simple display system a t  JSC using the 16-m long arm of t he  
JSC Manipulator Development F a c i l i t y  i n  realist ic l a rge  payload handling 
ex2eriments. 
t a rge t )  f o r  captur ing a moving t a rge t .  
performed by 4 operators.  The f i n a l  result is t h a t ,  when the  "success d is -  
play': ( tone or green l i g h t )  was on, the  operators  got a capture  every t ime ,  
There were no operator mistakes under sensar-indicated grasping conditione,  
and the  eensofs never indicated wrong condi t ions f o r  grasping, 
four Operators twored  the  buzzer for "success display", 
display increased with task d i f f i c u l t y .  
operator  t o  sriccessfully complete the  most d i f f i c u l t  t a sks  without e r ro r .  
Fig, 8 shows a f l o o r  set-up scene (d i r ec t  visual contact with 
A l l  together 112 test runs have been 
Three of the 
The u t i l i t y  of t h e  
The d isp lay  was required t o  a i d  the  
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The simple success display (tone o r  green l i g h t )  does not  show the  
d e t a i l s  of the  three-dimensional (depth, p i t c h  and yaw) e r r o r  states. 
ced graphics display concepts have been developed and implemented recent ly  
using the  JPL te leoperator  breadboard system t o  experiment with var ious 
formats. The advanced formats have been designed t o  convey t o  the  operator 
not only t h e  "succe6s" information but also the  d e t a i l s  of the  three  (depth, 
p i t ch  and yaw) e r r o r s  so t h a t  the operator  w i l l  know from the  sensors "what 
t o  do" i n  order  t o  ge t  t o  the  "success" state or t o  fine-control the  grasp. 
Fig. 
graphics. 
unsuccessful e r r o r  combinations are indicated by a l l  e r r o r  bars  turning red. 
The length of the  e r r o r  bars  is proport ional  t o  the  respect ive errors under 
both "green" o r  "red" conditions 
Advan- 
9 shows an advanced "success display" concept implemented i n  color  
Success is indicated here by a l l  e r r o r  ba r s  turning green, The 
B. Event-Driven Force-Torque Display 
Fig. 
JPL/CURV arm. 
e lec t ronics  and da ta  handling have been developed at JPL. More d e t a i l s  of 
t h i s  sensor system can be found in  Ref. 2. Fig. 10 a l s o  shows a graphics 
display format: each force and torque component is displayed both numeri- 
c a l l y  and graphically.  
of the  respec t ive  force o r  torque components. The bars  o r ig ina t e  from the  
center v e r t i c a l  l i n e  on the screen. To the  l e f t  from t h i s  center  l i n e  the 
fotce-torque f i e l d  is negative, t o  t he  r i g h t  i t  is pos i t ive .  
torque d i s t r ibu t ion  seen on the graphics display of Fig. 
the forces  and torques f e l t  a t  the hand base while the hand is pushing the  
objec t  as indicated on the  same f igure.  
generate a r a the r  complex force-torque r e l a t i o n  f e l t  a t  the hand base. 
10 shows a six-dimensional force-torque sensor integrated with the  
The sensor The sensor mechanism has been b u i l t  by Vicarm Inc. 
The length of t he  ba r s  is proport ional  t o  the value 
The force- 
10 ac tua l ly  shows 
- torque components are referenced t o  a hand-based coordinate frame. The force- 
As seen, a simple push scene can 
The appl ica t ion  of event-driven d isp lays  t o  force-torque sensor da t a  w i l l  
s i gn i f i can t ly  enhance the use of t h a t  da t a  type under manual or computer aided 
control.  The events marked can ahow complex re la t ionships  between forces and 
torques alone o r  in combination. 
events are not  ex is t ing ,  the  display format can be changed t o  show the opera- 
t o r  what has t o  be done t o  reach the  desired state. 
best  i l l u s t r a t e  the concept. 
Further,  when the desired force-torque 
A simple example can 
Consider t he  task  of s l i d i n g  a block i n  a groove a c r o m  a t ab l e  by push- 
ing it .  (See Fig. 11) The applied forses must be i n  the  d i r ec t ion  of the  
groove i f  the block is t o  be moved e f f i c i e n t l y  and safe ly .  
shows an appropriate  "event-driven" display. When t h e  forces  are applied 
cor rec t ly ,  the  operator w i l l  know i t  by the  event ind ica tor .  I f  not ,  t he  
operator w i l l  Ree the force e r r o r s  and be ab le  to  apply the needed correc- 
t ions.  
f i t s  of t h i s  display concept can be f u l l y  documented. 
Fig. 11 also 
Prac t i ca l  appl icat ion and demonstration are needed before the  bene- 
An i n t e re s t ing  use of even-driven d isp lays  is t o  s igna l  the  operator t o  
switch displays.  Say, fo r  example, i t  is necessary t o  move a manipulator t o  
an object  and then aove the manipulator i n t o  contact  with the object  without 
knowing the exact posi t ion of the object  beforehand, o r  having spec ia l ly  
positioned TV's showing a l l  the necessary views. 
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With event-driven displays,  the  t a sk  could be performed as  follows: 
using a proximity event d i sp lay  set i n  a pos i t ion  sensing mode, t h e  operator  
moves the  manipulator rapidly towards the object .  When s igna l led  t h a t  t he  
manipulator is near the objec t ,  t he  operator  slows its motion and switches 
the  d isp lay  t o  a force/torque even mode. 
operator is again s ignal led before  the  forces  reach an  unacceptable leve l .  
Thus, event-driven d isp lays  used i n  combination hold g rea t  promise f o r  even 
grea te r  bene f i t s  i n  t h a t  t asks  can be performed more rapidly,  more r e l i a b l y  
and with lower expenditure of resources.  
When contac t  has been achieved, t h e  
C. Event-Driven Touch Display 
The touch sensor un i t  being used here  has  two 4 by 8 matrices of po in ts  
t h a t  can sense appl ied pressures.  
point densi ty ,  can be mounted on the  ins ide  of mechanical f i nge r s  (jaws) and 
used t o  sense contact  areas o r  t h e  loca t ion  of po in t s  of contact  between f in-  
ger  and objec t .  
o ther  contact  forces  o r  pa t t e rns  of contact  areas. A t  each point  of t he  sen- 
s o r  matrix t h e  pressures  applied l o c a l l y  are sensed by measuring che conduc- 
t i v i t y  of a pressure sens i t i ve  plastic,  
actual sensing elements are shown i n  Fig. 12, 
These matrices,  o r  perhaps some with higher 
Similar u n i t s  could be mounted on o ther  sur faces  t o  sense 
The measurement concept and the  
Fig. 12 a l s o  shows the  bas i c  touch sensor d isp lays ,  The numeric 
representat ion of the sensor output  gives a more quan t i t a t ive  impression of 
the  appl ied forces  d i s t r i b u t i o n  and is  p a r t i c u l a r l y  usefu l  f o r  d iagnos t ic  
work. 
understand a t  a glance although less information is presented, 
The co lor  or B/W shades d isp lays  are more graphic and are easier t o  
A p a r t i c u l a r  event-driven touch sensor d isp lay  is planned t o  be imple- 
mented t o  f u r t h e r  enhance the  con t ro l  context of data  presented t o  the  
operator.  The display concept (shown i n  Fig, 13) is aimed t o  give a quanti- 
t a t i v e  ind ica t ion  t o  the  operator  when the  contact  area increases  by pre- 
defined amount, 
l i g h t  shades of a color ,  the  co lo r  i t s e l f  w i l l  be changed t o  r e f l e c t  the  t o t a l  
applied pressure over a given area, 
than half  t he  sens i t i ve  poin ts  have made contact ;  orange, i f  between 1 / 2  and 
3/4 have; or green, i f  more than 3 /4  have. 
s ign i fy  a s a f e  grasp. 
While the  pressures  applied w i l l  still  be shown as dark or 
The matrix displayed may be red,  i f  less 
Thus, a green condi t ion w i l l  
V. CONCLUSXONS 
1) Performance tests conducted a t  JSC with a three-dimeneional proxi- 
mi ty  sensor system and "go-no go" d isp lay  have shown the  bas ic  u t i l i t y  of a 
s i m p l e  event-driven d isp lay  which conveys c r i t i ca l  con t ro l  information t o  
the  operator  based on real-time algori thmic evaluat ion of multidimensional 
data.  
2) In  general ,  event-driven d isp lays  enhance the  cont ro l  context of 
sensory information s ince  events can be defined with respect  t o  c r i t i c a l  
cont ro l  dec is ions  or cont ro l  ac t ions .  
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3) Preliminary experiments strongly indicate the need of integrating 
visual and non-visual sensory information within a single perception format, 
This mey require the development of TV.manitora with sensory information over- 
layed to or cut into the camera information. 
4) Extensive experimentation is needed with a multitude of event-driven 
disphy formats in order to develop 8 reliable rating of the different for- 
mats. 
factors;-engineering, Presently it is not clear what kind of objective mea- 
sures would be suitable to meet the challenges in the performance evaluation 
of eveprelated human factors. 
The experimentation will by necessity encounter questions in human 
The contributions of Mr. E Shalom and Mr, K. W. Rudd to the software 
development is gratefully acknowledged, 
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1. Computer Sysreol 
A a ingle  computer system is used €or software development end dieplay 
driving. 
played can come fmm any of fiva rroureee: JPE/AMES arm proximity e(bn~ors, 
JPLICURV am proxiudty and force-torque mmnors, touch bentmre, o t  t he  JSC fout- 
claw proximity 8ensora. 
cessotr) The disp lay  computer procelrreo t h e m  signals h t o  t h e  desired d isp lay  
format so t h a t  €hey my be s t e n  i n  color o r  i n  B/W, with o r  without alpha-numetic 
text 
Its pr inc ipa l  elements are shown i n  Pig,  14, The r i g n a l r  t o  be dis-  
(There lart  r i g n a l s  coma! through an I n t e l  80/20 pro- 
The d isp lay  computer i s  an Sa00 bus based system and employer a 280 basad 
processor operaring with a 4 N#z clock. 
world through a 7 channel 8 b i t  A/D converter ,  2 serial porta ,  8 b i t  parallel 
ports, a dual floppy disk,  and, ole course,  a graphics color/BW TV di rp lay ,  
operator  i n t e r f ace  i s  through an ADM-3A terminal, a rrY and the. dual disk. 
The computer couanunicates to  the  outs ide 
The 
The graphics d isp lay  is p e r f o m t i  by DMA an s memory map. That ir, t h e  
diaplay d r ive r  circuitry timing operates  independently from t h e  main program and 
sharer the  mwry storing ts the  s c r w n  Image, Variour d isp lay  Barmetere are 
under program control:  d i sp lay  ~ n / o f f ,  point  densi ty ,  I \ /W or COforb etc. Tha 
graphics d e n s i t i e s  employed are: 64 by 64 color and 128 by 128 B/W for the touch 
sensor; 128 By 1128 B/W for t he  p ~ o x i ~ d t y  sensors on the JBL/CURV and Awcas arm 
and for the force-torque senoor on t h e  JPLICPIRV arm: and 64 bv 64 eobor far the 
JSC four claw proximity senoors. 
The 8sgneI.s from the J P L / h e  arm proximity sensor  e l ec t ron ic s  a re  sen t  to  
the display computer on 4 analog lines. 
display computer by an 8 b i t  succesaive approximation converter.  
d o n  takes about 5 vu* 
The A/D conversion i o  done ino idr  the 
Each canver- 
The eltgnels from bath sensore (proximity and force-torque) on t h e  JPt/CURV 
a m  axe converted to  12 b$t d i g i t a l  words i n  the CURV vehic le  e l ec t ron ic s  and 
then s tored i n  a buffer  wewry associated with the Xnterdtlta W70 minicomputer 
which perfom cont ro l  and supervisory functltone. Ths da te  i o  rranrfarxad in 
p s r a l l a l  to t he  . 'isplay coraputar ea two 8 b i t  wordr. The date t o  be t ransfer red  
is eprse idl~d by the address sen t  t~ the buffer  mmty from the d isp lay  computer. 
The s i g n a l s  from the  touch 6ensor a m  converted to  12 b i t  d i g i t a l  word8 by 
the  touch sensor e lec t ronics .  The point of the sensor matrix to be raapled 58 
under cont ro l  of the disp lay  computer. hn address is sent to  the  touch sensor 
electronics, the  point i s  sampled, and t h e  da ta  i s  eant t o  the disp lay  eoslputar 
88 two 8 b i t  words, 
control ,  the  whole process takas  about 100 us. 
Due to the handshaking signals which are under softwara 
The s igna l s  from the JSC fout-claw proximity seneor8 are processed by the  
Intel S8C 80/20-4 computer, 
"event" s igna l  %re paeeed over t o  the d i sp lay  computer. These s i g n a l s  are 
Only tha  pZtch, yaw, and range error signala and the 
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encoded i n t o  th ree  8 b i t  parallel words. The two computers run seynchronouely 
s ince  tka TV graghfcs disp lay  process is much slower than t h e  event ind ica t ion  
bulb and tone process (about 36 times p e t  secund v e r m s  about 100 times per 
second. ) 
2, Software System 
The @eftware €or the  d isp lay  program has  been wr i t t en  i n  assembly language 
to maximize the signal processing and d isp lay  formatting rate. This her  bean an 
e f f e c t i v e  approach s ineu tha procestrtng and formatt ing a t e  l og ica l ly  and matha- 
p t i c a l l y  simple. TypicalXy, t he  symbolic language vatsfon of a progtawi takas  
IO-lSK bytes  to  s to re ,  and the  machine language vers ion 1-2K bytes. 
The programs have been wr i t t en  i n  a s t ruc tured  subroutine format. The top 
levo1 is a seguance of ca l l s  t o  aubraufinas. 
which i n i t i a l i z e  constant$ and set: up the displays.  
w i n  program loop which ca l l s  rout ines t  
exited, change parameters based on switch or keyboard inputs ,  input data ,  
ca l ib ra t ion  of data ,  perform logic teste, fsmt t h s  data for t h e  d isp lays ,  
Each a% these subroutines drr a complete I a g i c d  entity, $6 that  new funct ions 
my be added by simply inserting; new calls.  
for the lower levels o f  subroutines.  
designed 80 that  they allow an EPROM vsraisn of  t he  programs. 
leisbe only IL amall f s t c t i a n  a4 t he  computer system i8 nredsd. 
tion of the systara for  damns t r a t ions  ir almplifirad. 
The f i r s t  calls are t o  routinas 
These am followed by the  
to see i f  t he  d isp lay  program should Be 
A similar approach has been taken 
Thus PO perform 
Further the opere- 
The program da ta  s t r u c t u r e s  have b w n  
The grogtam for displaying p r o x h i t y  m n m x  data Prom the sensors on t he  
JPLICURV arm and performing event loglc is t yp ica l  of the d i sp lay  computer pro- 
gram. 
process for ge t t ing  the data, processing and displaying i t  are shown i n  part B 
sf Fig. 1s. 
kha event Io@c and display 60 the p r h r  programs. All that was necessary was 
to add the two blacks which peafarm the  event logic t e s t a  and whish time and 
display t h e  event b l h k e r ,  Likwise, when changhg the  .JFt/Amas arm proximity 
8en88r program to accept data from t he  JPL/GVRV atin proximity sensors  a l l  t h a t  
wa8 necessary w m  ts change the "Read Sensor Data" aubroutl re, The eubroutinar,  
incidentally, ware taken from a previous fsrce-torque Q C ~ E Q ~  program. 
The f i r s t  lave1 cltructura is shown i n  pert A o f  Fig. 15. Tha actual 
The m d u l a r i t y  of the structure was a s i g n i f i c a n t  help in adding 
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ORIGINAL PAGE Is 
OF POOR Q U m  
a Y 
F (t) 
Y 
--- 
/ ' I  
/ I 
I / / 
F (t) 
- X  
D, (t) 
EQUAL LENGTH ( Y  ) OF TWO BEAMS EQUAL MAGNITUDE OF TWO 
( D ~  AND D+ CANBE AN WENTI' ORTHOGONAL FORCE COMPONENTS CAN BE AN llEVENTll 
Figure 1, Examples for Event Definition 
Figure 2, General Graphics Display of Proximity Sensor Beams 
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C 
1. YAW ALIGNMENT AT 
"D" WITH "T" TOLERANCE 
2, YAW ALIGNMENT ONLY 
WITH "T" TOLERANCE 
I'D'' WITH 'IT8' TOLERANCE 
4, ROLL ALIGNMENT ONLY 
WITH "T" TOLERANCE 
3, ROLL ALIGNMENT AT 
yc-j' 
PITCH 
El= ( IS1 -D I -T>0}0 (  I S , - D I  -T>O) 
€2 = (  ISl-S2I - T>O) 
E3={  IS3 -01  -T>Ol.( I S q ' O l  -T>O} 
E4={ IS3-S4 I - T > O )  
ROLL 
Si = RANGE MEASURED BY SENSOR 'I i 'I, i = 1,2,3,4 
D =DISTANCE 
T =TOLERANCE 
LOGIC DEFINITIONS FOR EVENT Ed = {K} 
Ed = 0 FOR K20: WENT ISN'T THERE, BLINKER "OFF" 
= 1 FOR K<O: EVENT OCCURED, BLINKER "ON" 
PRESET PARAMETERS I 
Ei 
LOGIC EQUATIONS EVENTS I 
Figure 3. Proximity Sensing Events Example 
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A 
C 0 
Figure 4.  Proximity Sensing Events Graphics Display 
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ORIGINAL PAGE! Is 
OF POOR QUALITY 
ANALOG SIGNALS 
SENSOR 1 
SENSOR 2 
SENSOR 3 
SENSOR 4 
LOGIC B E L  
SENSOR 1 
Dl D2 
DISTANCE 
D 
D 
D 
SENSOR 2 
SENSOR 3 
SENSOR 4 
SUCCESS: EACH OF THE FOUR SENSORS OUTPUT I S  IN LOGIC STATE IiIii 
(THEN TONE AND/OR GREEN LIGHT ARE AUTOMATICALLY TURNED 
ON INDICATING TO OPERATOR THAT DEPTH POSITION AND PITCH 
AND YAW ALIGNMENTS OF END EFFECTOR ARE OK FOR SUCCESSFUL 
GRASP OF TARGET) 
Figure 6. Analog "Event Logic" Indicating Acceptable Combinations of Range, 
P i t c h  and Yaw Errors for Successful Grasp Using Four Proximity 
Sensors Integrated with JSC Four-Claw End Effector 
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- MEASUREMENTS - 
@ (0, - D3)2 + (D2 - D4)2 I L 
WHERE L - C2 = [f(Hl2 
H = RANGE 
OR DEPTH 
DISTANCE- 
f(H) I S  GIVEN BY THE 
TRAPEZOID FORMULA 
SHOWN ABOVE 
C, in. 
1 .o 
0.5 
0 
c* - C* 
C* K =  HD-HC HB-HA 
- 
HA "B HC HD H, in, 
C IS A MEASURE FOR PITCH AND YAW ERRORS; C = f(H) 
- SUCCESS LOGIC - 
H ,H ,HDANDK HAt B C 
(AND IMPLICITLY ALSO C') 
ARE PRESET CONTANTS 
@ H A S H S H D  
WHERE H = 1/2 (D, + D3) 
1/2 (02 + D4) 
IF BOTH CONDITIONS ARE TRUE 
THEN LIGHT/BUUER ARE ON, 
OTHERWISE OFF 
Figure 7. Conic Algorithm Indicating Acceptable Combinations of Range, Pitch 
and Yaw Errors for Successful Grasp Using Four Proximity Sensors 
Integrated with JSC Four-Claw End Effector 
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ORIGINAL PAGE Is 
OF POOR QUALITY 
Figure 8. Test Scenes a t  the JSC Manipulator Development Fac i l i ty  Using Four 
Proximity Sensors Integrated with JSC Four-Claw End Effector and 
Simple "Go-No Go" Event Display 
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ORIGINAL PAGE rs 
OF POOR QUALITY 
- w1 - 
w2 
w3 
w 4  
WS 
w7 
- we 4 
w6 
FORCES 
AND 
TOROUES 
REFERENCED 
16 
x-\ -2 
SENSOR 
COORDINATES 
FORCES 
SENSED 
AT 
SPOKE 
ELEMENTS 
TRANSfORMATlON MATRIX 
UNDER IDEAL CONDITIONS 
Figure 10. Force-Torque Sensor Measurement Transformation 
and Graphics Display 
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A. FORCE CONTROL TASK: 
PUSH BLOCK IN GROOVE 
X - F 
FY I 
Fz - 
? Z  FORCE-TORQUE SENSOR 
1 PUSH 
T = TOLERANCE 
B. FORCE SENSOR TASK DISPLAYS: 
WITHOUT EVENT MARK WITH WENT MARK 
I .. 0 + I 
Y 
F 
0 EVENT 
BLINKER 
Figure 11, Force-Torque Sensing Event Example 
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ORIGMAL PAGE I8 
OF' POOR QUALITY 
SENSIN6 CONCEPT AND MEASUREMENT PRlWClPLt 
coWDUCT'VE TOP VlLW O t  
Figure 12. Mu%tipQint Proportional Touch Sensor8 with Numeric 
and Color Graphics Disphgs 
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INCREASE OF CONTACT AREA 
DISPLAY 
FORMAT Of 
4x8 =! 32 
SENSITIVE 
CELLS: 
IF NO. OF SENSITIVE X e 16 16s X< 24 X 224 
CELLS (X) UNDER 
PRESSURE IS: 
THEN COkOR IS: RED YELLOW GREEN 
(NB: THE SHADED CELLS ARE THOSE UNDER PRESSURE. 
THEY HAVE TONES IN THE RESPECTIVE COLORS 
OARKER THAN WE UNSHADEO CELLS.) 
Figure 13. Touch Sensing &vane Example 
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JPVAMES 
ARM 
I DISPLAY SYSTEM 
I DIGITAL COMWlLR 
JPL/ CURV 
ARM 
n4 
SENSORDATA I 
CONTROL INTERDATA 1 STATION WWO I .. p H F t 2 ;  SENSOR 
SENSoRS ELKTRONICS +-- 
ADDRESSES 
I- 
t= 
MEMORY 
33K RAM 
ISKEPROM 
GRAPH IC 5 
OlSPlAY 
DRIVER 
I 
PERIPHERALS 
A M - 3 A  
o m  
@ EPROM PROGRAMMER 
*DUAL FLOPPY DISK 
2 ~ - 
DATA ONLY SHUTTLE N P L  24 
PRO%lMItV 
SENSORS 
-b INTEL SK 80/40-4 L~... I ’ 
” mt-l ---------- -J 
FOR E%TERMAL DEVELOPMENT ONLY 
Figure 14. Computer l ye ten  for Zibneor Data Graphics Risplays 
i n  the JPL TQleOpaKtttQr Project 
I 
I 
I 
I 
I 
1 
I 
P 
I 
t 
I 
I 
J 
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A, OVERALL PROGRAM STRUCTURE 
TIME AND DISPLAY WENT BLINKER 
CLEAR 0 ISPLAY 
INITIALIZE LOGICAL COND tTIONS 
DRAW HAND 
READ EVENT LOGICAL SWITCHES 
I GET DATA AND DISPLAY I 
6. GET DATA AND DISPLAY FUNCTIONS 
I READ SENSOR DATA I 
LINEARIZE SENSOR DATA 
I 
1 
WENT LOGICAC TESTS 
I DISPLAY RANGE VECTORS I 
Figure 15, Boftware System Structure.for Proximity Sensor Rate Graphics 
Display in she JPL Taleoperator Projact 
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INTRODUCTION 
SIMFAC is a general-purpose 
real-time s i m u l a t i o n  f a c i l i t y  
c u r r e n t l y  conf igu red  wi th  a n  
O r  b i  te r- 1 i ke C r e w  Compartment 
and a D i s p l a y s  6 C o n t r o l s  ( D L C )  
Subsystem t o  s u p p o r t  t h e  
eng inee r i ng deve lopmen t of t h e  
Space S h u t t l e  Remote 
Manipula tor  (SRMS) . 
The s i m u l a t i o n  c o n s i s t s  of a 
software model of t h e  
anthropomorphic  SRMS 
manipu la to r  arm i n c l u d i n g  t h e  
characterist ics of its c o n t r o l  
system and j o i n t  d r i v e  modules. 
S t r u c t u r a l  f l e x i b i l i t y  is 
modelled by p r e s e n t i n g  t h e  
p r i n c i p a l  modes i n  s i x  degrees 
of freedom. 
The SRMS c o n t r o l  system is 
normally operated i n  a Resolved 
Motion Rate Common mode, 
commonly known as t h e  Manual 
Augmented or  simply Manual 
mode. The point  of r e s o l u t i o n  
i f  j u s t  i n s i d e  t h e  t i p  of t h e  
End Effector of t h e  arm, where 
t h e  head of t h e  Payload Grapple 
F i x t u r e  would f a l l  when i n  t h e  
nominal p o s i t i o n  for lega l  
cap tu re .  A S i n g l e  mode is also 
a v a i l a b l e  for s e l e c t i o n ,  
whereby t h e  Operator 
i n d i v i d u a l l y  commands each 
j o i n t  i n  t u r n .  I n  both of 
these modes a Coarse/Vernier 
range may be selected, and Rate 
Hold f u n c t i o n  may be applied i n  
t h e  Manual mode. 
Four c o o r d i n a t e  systems may be 
selected which  d e f i n e  t h e  p o i n t  
of r e s o l u t i o n  and t h e  s p a t i a l  
system response  t o  hand 
c o n t r o l l e r  i n p u t s .  The 
p r i n c i p a l  reason for t h i s  is to  
e n a b l e  t h e  Operator t o  move the  
End Effector (and t h e  Payload 
when a t tached)  i n  t h e  most 
direct way p o s s i b l e  and reduce 
t h e  amount of menta l  
t r a n s f o r m a t i o n  r e q u i r e d .  
Automatic sequences  are 
a v a i l a b l e  t o  manoeuvre t h e  arm 
between f i x e d  p o i n t s .  A 
t e r m i n a l  p o s i t i o n  and a t t i t u d e  
may be determined  by 
pre-programming or by detailed 
Operator i n p u t  v i a  a keyboard. 
The system w i l l  move i n  a n  
opt imized  pa th  t o  t h e  t e r m i n a l  
p o i n t ,  p rov ided  t h e  i n i t i a l  
c o n d i t i o n s  have been 
f u l  f i 1 led . 
SIMULATION 6 SCENE GENERATION 
SUBSYSTEMS 
A m a s t e r / s l a v e  computer pair  
( T I  980B), an Array Processor 
and f l o a t i n g - p o i n t  hardware 
complex e x e c u t e  a l l  
computa t ions  under  a 
s i m u l a t o r - o r i e n t e d  m u l t i -  ask 
d r i v i n g  a multi-process 
interface t o  which a l l  
d i s p l a y s ,  i n s t r u m e n t s  and other 
i n p u t / o u t p u t  c i r c u i t r y  are 
connected. An e x t e n s i v e  set of 
peripherals  perform data 
g a t h e r i n g  and software 
development/maintenance tasks.  
Displays i n  SIMFAC are d r i v e n  
by a set of three Var ian  
computers (V73),  an a r r a y  
processor and picture 
g e n e r a t i o n  hardware. An A f t  
and an Overhead out-the-window 
scene are p r e s e n t e d  on two 
l a r g e  CRT s c r e e n s  equipped w i t h  
pancake windows t o  approximate 
i n f i n i t y  optics. Two smaller 
mon i to r s  s i m u l a t e  CCTV scenes 
from s i x  p o s s i b l e  camera 
o p e r a t i n g  system (SIMTOS), f.
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positions i n  selected p a i r s .  Of  
these t h e  camera mounted on t h e  
wrist of t h e  arm seems to  c a r r y  
the greatest impact and w i l l  be 
d i s c u s s e d  i n  de t a i l  below. 
The v i s u a l  p r e s e n t a t i o n  is 
d r i v e n  by a se r ia l  data l i n k  
o u t p u t  from t h e  s i m u l a t i o n  
subsystem, d e l i v e r e d  e v e r y  SO 
msec, the  pictures are 
refreshed three times between 
the  frame updates. Camera 
controls e n a b l e  t h e  Operator t o  
zoom a l l  cameras, and t o  pan 
and tilt a l l  e x c e p t  t h e  End 
Effector (Wrist) Camera. 
Cockpi t  d i s p l a y s  and controls 
resemble t h e  Manipulator  
S t a t i o n  of t h e  O r b i t e r .  Mode 
se lector s w i  t che s , d i g  i t a l  
p o s i t i o n / a t t i t u d e / r a t e  readouts 
and a comprehensive Caut ion  6 
Warning annunc ia to r  p a n e l  are 
mechanized and d r i v e n  by t h e  
main model ou tpu t s .  
A T r a n s l a t i o n a l  (THC) and a 
R o t a t i o n a l  Hand C o n t r o l l e r  
( R H C )  are mounted t o  t h e  l e f t  
and r i g h t  of t h e  D6C panel .  The 
THC has  one l i nea r  and two 
p ivo ted  a x e s  i n  a 2ackage 
t e p r e s e n t i n q  t h e  f l i s h t  
Caution/Warning a n n u n c i a t o r s  
i nc lude  a Master A l a r m  coupled 
w i t h  an  a u d i o  t o n e ,  and a 
l i g h t e d  a n n u n c i a t o r  pane l .  The 
two most f r e q u e n t l y  a c t i v a t e d  
are t h e  Reach L i m i t  A l a r m ,  
i n d i c a t i n g  t h a t  one of t h e  
j o in t s  is too close t o  its 
a n g u l a r  l i m i t ,  and t h e  
S i n g u l a r i t y  alarm s i g n a l l i n g  a 
l i m i t e d  arm geometry s u c h  as 
t h a t  of t h e  arm a t  rest i n  i ts 
latches, f u l l y  ex tended  and 
unable  t o  accommodate a n  
a p p l i e d  load by y i e l d i n g  t o  
e xce ss i v e  force s . 
The manual c o n t r o l  problem can 
be appreciated by c o n s i d e r i n g  
t h a t  t h e  d e s i g n  load  l i m i t  of 
t h e  arm is a d e f l e c t i o n  of 25.4 
mm (1.0") under  a l a te ra l  force 
of 4536 g (10 )  l b s ,  w i t h  t h e  
not-to-exceed l i m i t  be ing  4763 
g 1 5  l b s .  Software stops 
provide  p r o t e c t i o n  by r e f u s i n g  
t o  d r i v e  a j o i n t  i n t o  its hard 
stops and arm movement ceases 
completely i f  t h e  Reach L i m i t  
alarm does n o t  result i n  t h e  
r e v e r s i o n  of t h e  manual 
i n p u t s .  
THE SRMS TASK IN SIMFAC 
a r k i c l e .  
of movement i n  t h e  X, Y and Z Opera tor  is t o  manoeuvre t h e  
freedoms of t h e  p o i n t  ,of arm and its End Effector i n t o  a 
resolution i n  t h e  c o o r d i n a t e s  precise p o s i t i o n  and a t t i t u d e  
selected. The RHC has three 
p ivo ted  a x e s  and controls t h e  
a t t i t u d e  ( a n g u l a r )  rates about 
t h e  point of r e s o l u t i o n .  It 
a l s o  carries t h e  Rate Hold, 
Capture/Release and 
Coarse/Vernier  a u x i l i a r y  
c o n t r o l s .  Tne THC has 
rate-dependent  damping, bo th  
have s p r i n g  r e t u r n  and breakout  
force s . 
I< controls t h e  r a t e s  The p r i n c i p a l  t a sk  of t h e  SRMS 
w i t h  respect t o  t h e  Payload i n  
order t o  e s t a b l i s h  a r i g i d  
c o n t a c t  w i t h  t h e  Grapple 
F i x t u r e ,  and thence  manoeuvre 
t h e  Payload i n t o  t h e  desired 
p o s i t i o n  and a t t i t u d e  w i t h  
respect to  t h e  appropriate 
coordinate r e f e r e n c e s ,  w i t h  
z e r o  residual energy  remaining 
i n  t h e  t o t a l  system. In r ea l  
l i f e ,  t h e  End E f f e c t o r  m u s t  n o t  
c o n t a c t  t h e  Payload u n t i l  t h e  
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l a t te r  h a s  been secured a g a i n s t  
escape, and m u s t  n o t  touch  any 
other par t  e x c e p t  t h e  grapple 
f i x t u r e .  The Payload may 
i n i t i a l l y  be moving w i t h  
r e s p e c t  to  t h e  Orb i t e r  or it  
may be docked and secured i n  
t h e  Cargo Bay of t h e  Orbiter. 
R e l a t i v e  v e l o c i t y  i n  excess of 
0.061 m/s ( 0 . 2  fps) const i tutes  
an i l l e g a l  c a p t u r e  c o n d i t i o n  
where contact must n o t  be 
a t tempted .  The arm must arrest 
t h e  Payload w i t h i n  608 mm (2 .0  
feet)  a f t e r  Capture ,  The 
p o s i t i o n i n g  accuracy  m u s t  be 
s u c h  t h a t  t h e  maximum s i z e  
Payload 18.24m long ,  4.56 m d i a  
(or 60  f e e t  long  x 15 f e e t  
diameter) can  be placed i n t o  
t h e  Cargo Bay w i t h  a n  
a l l - a round  c l e a r a n c e  of 76.2 mm 
( 3 . 0  i n s ) .  
I n  t h e  case of t h e  s imulated 
moving Payload, t he  Opera to r  
m u s t  e s t ab l i sh  stable t r a c k i n g  
w i t h  t h e  End E f f e c t o r  be fo re  
a t t e m p t i n g  t o  g r a p p l e ,  i n  
approx. 8 0  secs. from t h e  time 
t h e  Payload enters t h e  
e f f e c t i v e  reach envelope  of t h e  
arm. T h i s  phase is t h e  most 
dynamic of t h e  entire c o n t r o l  
t a s k  and w i l l  be t h e  p r i n c i p a l  
subjec t  of d i s c u s s i o n  from here 
on. The t r a c k i n g  and e v e n t u a l  
c a p t u r e  are based almost 
e x c l u s i v e l y  on t h e  v i s u a l  
i n fo rma t ion  provided by t h e  
CCTV camera c a r r i e d  by t h e  arm. 
Th i s  scene is p resen ted  on a 
small CCTV monitor t o  t h e  r i g h t  
of t h e  Opera tor  w i t h  a reticule 
a p p l i e d  t o  t h e  g l a s s  envelope.  
T h i s  "guns ightn  scene h a s  a 
s i g n i f i c a n t  impact on t h e  
Opera tor ;  any h igh  ra te  o f  
movement or o s c i l l a t o r y  
behaviour  g e n e r a t e s  a h igh  g a i n  
condi t ion  i n  t h e  external 
man-machine loop, increases t h e  
workload and may lead to  P I 0  
(Opera t  ion-Induced 
O s c i l l a t i o n s ) .  Among o t h e r  
t h i n g s ,  it encourages  capture 
a t t e m p t s  "on r i s k " ,  i.e. 
w i t h o u t  t h e  a s s u r a n c e  of be ing  
w i t h i n  l e g a l  l i m i t s .  S ince  t h e  
camera is s imula t ed  a s  mounted 
on t h e  w r i s t ,  a less t h a n  
s t ab le  p l a t f o r m ,  arm 
f l e x i b i l i t y  e f f e c t s  g e n e r a t e  
j u s t  s u c h  v i s u a l  dynamics, i n  
a d d i t i o n  t o  those  produced by 
t h e  real  movement o f  t h e  
Payload w i t h  respect t o  t h e  End 
E f f e c t o r .  Furthermore , t h e  
Operator is n o t  p o s i t i o n e d  on  
t h e  same p l a t f o r m ,  hence he 
w i l l  n o t  r e c e i v e  motion cues t o  
h e l p  him compensate for t h e  
l i v e l y  v i s u a l  scene .  
A less dynamic but  e q u a l l y  
d i f f i c u l t  s i t u a t i o n  e n s u e s  when 
t h e  p r i n c i p a l  axes o f  t h e  
Payload or t h e  End E f f e c t o r  are 
d i s p l a c e d  from being  p a r a l l e l  
t o  t h o s e  of t h e  Orbiter,  The 
f o u r  a v a i l a b l e  coordinate 
sys tems recognized  by t h e  
c o n t r o l  a l g o r i t h m  are 
r e f e r e n c e d  to  t h e  End E f f e c t o r ,  
t h e  O r b i t e r ,  and t h e  Payload, 
r e s p e c t i v e l y ,  and t h e  f o u r t h  is 
d i v i d e d  between t h e  Payload f o r  
a t t i t u d e s  and t h e  Orbi ter  f o r  
t r a n s l a t i o n s .  E u l e r  sequences 
d e s t r o y  t h e  s p a t i a l  
correspondence between t h e  hand 
controllers and system response  
where t h e  coordinate system i n  
use moves w i t h  t h e  Payload or 
End E f f e c t o r ,  bu t  t h e  Opera tor  
remains n f rozen"  t o  t h e  
Orb i t e r .  Furthermore,  a 
c o o r d i n a t e  system, c o n s i s t e n t  
i n  t h e  e n g i n e e r i n g  sense , will 
g e n e r a t e  ccrntrad i c t o r y  d i s p l a y  
i ncreme n t s and cause wrong- s ig n 
i n p u t s  u n l e s s  i ts  s i g n  
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convent ion  is du ly  ad jus ted  t o  
conform w i t h  t h e  a e r o n a u t i c a l  
" p o s i t i v e "  and "negat ive"  i n  
terms of s w i t c h  or s t i c k  
movements . 
I n  summary, t h e  SRMS command 
t a s k  is somewhat similar t o  
f l y i n g  a a i r p l a n e  by remote 
c o n t r o l ,  ra ther  t h a n  t h a t  of 
p i l o t i n g  an  aircraft .  
OPERATOR TACTICS AND OPTIONS 
Successful Operators i n  t h e  
SIMFAC s i m u l a t i o n s  have q u i c k l y  
l e a r n e d  t o  accommodate t h e  
basic system re sponses  and 
developed i n d i v i d u a l  but  
similar command techniques .  I n  
t h e  capture t a sk  t h e y  e l i m i n a t e  
a t t i t u d e  errors first, i n  
Coarse mode a t  a safe d i s t a n c e  
from t h e  Payload,  t h e n  use 
long,  smooth approaches, 
ma in ta in  t r a c k i n g .  They apply  
ramped, we 11-damped command 
i n p u t s  to  avoid  f l e x i b i l i t y  
effects  and t o  reduce t h e  image 
d isp lacement  ra te  on t h e  End 
Effector g u n s i g h t  scene.  One 
a t t i t u d e  and one t r a n s l a t i o n a l  
correction is applied as a pa i r  
t o  avoid r o l l - p i t c h  
cross -coupl ing  and t o  minimize 
t a rge t  displacement on t h e  CCTV 
scene . Trained Operators 
maintain a good i n n e r  image of 
t h e  arm geometry and are able 
t o  avoid  j o i n t  angle  limits, 
estimate t h e  t o t a l  arm 
performance a v a i l a b l e  and even  
trade-off rotat ional  VS. 
t r a n s l a t i o n a l  c o r r e c t i o n s  for a 
smooth and e f f i c i e n t  approach. 
The SIMFAC hahd c o n t r o l l e r  
characterist ics are said to 
make a s i g n i f i c a n t  d i f f e r e n c e  
a g a i n s t  ear l ier  models which 
had no  damping and g e n e r a l l y  
poor eng i n e e  r ing  qua 1 i t y  . 
Operator o p t i o n s  such a s  
Ve r n  ier se le  c t i o n  wh i ch  r e d u c e s  
t h e  command a u t h o r i t y  t o  l o % ,  
and Rate Hold, are used by a l l  
Operators, t h e  former mostly t o  
reduce t h e  l i ve l ines s  of t h e  
g u n s i g h t  scene and t o  i n c r e a s e  
p r e c i s i o n  as required.  The 
system appl ies  V e r n i e r  
a u t o m a t i c a l l y  on Capture ,  i.e. 
d u r i n g  t h e  transit ion between 
unloaded and loaded arm, and a 
manual s e l e c t i o n  reduces t h e  
Loaded V e r n i e r  v e l o c i t y  t o  
50%. 
WORKLOAD 
A peak is reached d u r i n g  t h e  
Track and Capture  task. A r m  
f l e x i b i l i t y  effects appear i n  
t h e  CCTV reticule as  e l l i p t i c a l  
o s c i l l a t i o n s ,  e a s i l y  exc i ted  
w i t h  h i g h  v i s u a l  effects 
e s p e c i a l l y  a t  close range. 
Ilowever, t h e y  damp out i f  n o t  
f u r t h e r  excited and true PI0 
d o e s  n o t  develop.  The spare 
Operator c a p a c i t y  is 
s i g n i f i c a n t l y  reduced, t h e  
g u n s i g h t  scene is t h e  focus of 
i n t e n s e  c o n c e n t r a t i o n .  The 
s e l e c t i o n  of V e r n i e r  is e a s i l y  
p r e d i c t a b l e  for most Operators, 
as a f u n c t i o n  of range from t h e  
Grapple F i x t u r e ,  s i n c e  i t  is 
de termined  by t h e i r  acceptance 
of a c t i v i t y  on t h e  CCTV scene .  
O t h e r  sources of i n c r e a s e d  
workload inc lude  t h e  n e c e s s i t y  
t o  make ramped i n p u t s  to  
command p r e c i s i o n  movements, t o  
perform mental  t r a n s f o r m a t i o n s  
i n  Payload manoeuvering and t h e  
management of the  D s C  
subsystem, e s p e c i a l l y  w h i l e  
o p e r a t i n g  i n  t h e  S i n g l e  mode, 
c o n t r o l l i n g  each joint  
i n d i v i d u a l l y .  Ramped i n p u t s  
require h igh  c o n c e n t r a t i o n  o v e r  
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many seconds; well-balanced and 
damped hand controller 
characterist ics are essential  . 
Coordinate transformations also 
require high mental e f for t  
d u r i n g  the final phases of 
Payload positioning, since a 
wrong-sign input w i l l  not only 
d i s t u r b  a near-perfect 
deployment condition, but  many 
cause coll isions d u r i n g  the 
berthkg task, w i t h  the Payload 
i n  close proximity w i t h  the 
Orbiter . 
controllers have been 
considered bu t  l a t e r  rejected 
i n  favour of the displacement 
st ick and r a t e  command w i t h  
re solved-mo t ion augment a t  ion . 
A six degree-of-freedom 
controller would have been 
favoured for a 
single/command/input point but  
had t o  be abandoned for lack of 
cockpit space and because of 
h i g h e r  design r i s k .  
OPERATOR ERRORS AND SOURCES 
Displays and Controls 
Management involves mode 
selection and display 
selection, since a l l  parameters 
cannot be simultaneously 
displayed; XYZ position and 
pitch-yaw-roll a t t i t u d e  m u s t  be 
selected for d ig i ta l  display 
readout. Mode selection mus t  be 
followed by an Enter command t o  
be accepted by the system. The 
Single mode involves not only 
display selection (associated 
w i t h  the tasks the mode is 
normally used) b u t  also the 
selection of each of the s i x  
joints followed by the 
operation of a double-throw 
switch for positive or negative 
i n p u t .  
I n  summary, the Resolved-Motion 
Rate Control system provides 
adequate means to  control the 
manipulator arm by one Operator 
as specified for t h e  SRMS 
tasks.  Research work a t  MIT, 
NASA/JSC, NASA/Ames and 
NASA/Marshall have been 
compared w i t h  some experimental 
setups a t  Martin-Marietta, as 
well a s  Honeywell and CAE 
experience i n  fly-by-wire 
applications, and command 
philosophies such a s  the 
rep1 ica arm and force-st ick 
Up t o  t h e  time of tnis wri t ing,  
the main SIMFAC e f fo r t  was 
directed t o  validate the  
flexible arm and SRMS 
subsystems simulation, and t o  
establish basic controllabil i ty 
and operability for t h e  tasks  
specified. I n i t i a l  work has 
been completed to  simulate 
malfunctions and off-nominal 
conditions t o  verify procedures 
and indicate parameter 
s e n d  t i v  i t ie  s . 
have been made to  simulate 
side-tasks, Orbiter environment 
and on-orbit workload. However, 
comments of Operators have been 
carefully recorded and 
analyzed, and t h e i r  assessment 
of t h e i r  own performance was 
e l ic i ted  whenever practicable, 
both i n  terms of the simulation 
and the simulated SRMS tasks. 
No a t  tempts 
Short of malfunctions, the 
reference coordinate systems 
and s i g n  conventions presented 
the greatest  single problem as  
soon as human operators were 
inserted i n  the control loop. 
The End-Ef fector CCTV scene 
w i t h  its reticule is 
essentially a fly-to display. 
One of the Alignment Aids 
(Payload target ) resembled the 
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small a i rc raf t  symbol usually 
found on a r t i f i c i a l  horizons 
and f l i g h t  directors. An 
Operator w i t h  long flying 
experience promptly reverted t o  
the fly-from technique 
associated w i t h  that  type of 
instruments and has had 
considerable trouble i n  
readjusting h i s  thinking dur ing  
t h e  demanding Track and Capture 
task. With  a different target 
he had no d i f f i c u l t y .  
A r m  geometry causes non-linear 
responses due to  limitations i n  
the individual joint  drives, 
necessary t o  ensure that the 
End Effector does not exceed 
certain velocity limits. Finite 
joint  ranges and arm 
singularit ies also cause 
uncommanded stoppages. While 
most of these effects  can be 
avoided or accommodated by 
trained Operators, the visual 
conditions i n  SIMFAC do not 
provide texture, hardware 
markings, shadows and other 
assist ive side effects.  
Visual conditions i n  t h e  Space 
Shuttle are expected t o  vary 
between extremes, from 
sunsha f t ing  and specular 
reflections t o  near-total 
darkness. Wide variations in 
illumination w i l l  occur w i t h  
every adjustment of t h o  Orbiter 
att i tude or Payload position. 
Judgement of depth or X-ranging 
is expected to  be poor i n  real  
l i f e  as it  is i n  SIMFAC, w i t h  
its two-dimensional visual 
displays . 
The dynamic aspects of the 
SIMFAC visual presentation are 
quite adequate. However, the 
SRMS task i t s e l f  produces 
low-key visual cues w i t h  low 
dynamics, d i f f i c u l t  t o  detect 
and monitor. A 18.24m ( 6 0  f t . )  
long Payload suspended say 
15.2m ( 5 0  f t . )  away from the 
Operator may have a very low 
yaw rate  b u t  its end bulkheads 
move w i t h  relatively h igh  
speed, and may contain great 
energy w i t h  the maximum Payload 
mass of 29,484 Kg (65,000 l b s ) .  
Furthermore, arm f lex ib i l i ty  
e f fec ts  and control system 
responses are very similar i n  
their  visual aspects under 
certain circumstances near t h e  
Cargo Bay, potentially inducing 
the Operator into erroneous 
corrective action. 
The SIMFAC Displays and 
Controls Subsystem resembles 
t h e  Orbiter complement but  is 
not comple t e  l y  repre sent a t  ive 
of it and lacks  some of t h e  
visual impact of the f l i g h t  
a r t i c l e  . The hand controllers 
are engineering model quality 
b u t  well engineered and have 
acceptable force 
characterist ics and feel .  
The harmony of manual inpu t  t o  
system response is generally 
good, the controllers providing 
a one-to-one relationship wi th  
the desired Payload or End 
Effector movement . The 
d i sp lays  follow the system 
responses adequately and 
present necessary and useful 
t a sk  information. However, the 
harmony between the command 
inputs and the display 
responses is not optimized i n  
t h a t  the position and at t i tude 
information is referred to  the 
Orbiter, while the command axes 
may be transferred to  the End 
Effector or Payload. Hence, 
the same manual inpu t  w i l l  
drive one display window or 
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another, depending on t h e  E u l e r  
ang le s .  The Opera to r  t h e n  h a s  
t o  compensate wi th  mental  
t r a n s f o r m a t i o n s  and therefore 
is prone t o  errors and 
i n c o r r e c t  i n p u t s .  T h i s  effect 
is most n o t i c e a b l e  i n  p r e c i s i o n  
manoeuvres d u r i n g  B e r t h i n g  and 
Payload Deployment, when t h e  
Operator is " f l y i n g  t h e  Payload 
on in s t rumen t s " ,  i.e . makinq 
f i n a l  ad jus tments  by t h e  
d i g i t a l  d i s p l a y s .  T h i s  
o b s e r v a t i o n  on SIMFAC resul ted 
i n  a change of SRMS c o o r d i n a t e  
sys tems and d i s p l a y e d  va lues .  
The management of d i s p l a y s  and 
c o n t r o l s  is a s i g n i f i c a n t  side 
task w i t h  some peak workloads 
o c c u r r i n g  i n  parallel  w i t h  
o the  r h igh-ac t i v  i t y  periods . 
AREAS FOR FURTHER WORK 
V i s u a l  improvements are be ing  
planned for SIMFAC. F u l l  
h idden l i n e  removal and 
a d d i t i o n a l  s cene  c o n t e n t s  are 
cons ide red .  As noted  abover  
t h e  dynamics of t h e  v i s u a l  
scenes are l a r g e l y  s a t i s f a c t o r y  
and c a r r y  a h igh  impact. 
Orbiter-SRMS i n t e r a c t i o n ,  
namely r e a c t i v e  forces and t h e  
operation of t h e  Orbiter 
a t t i t u d e  c o n t r o l  systems,  have 
not been f u l l y  simulated i n  
SIMFAC. 
Man-machine i n t e g r a t i o n  and 
r i g o r o u s  Operator: modelling 
work would be most desirable 
from t h e  resatch p o i n t  of view, 
s i n c e  t h e s e  are o u t s i d e  t h e  
scope o f  an  i n d u s t r i a l  
development. Multi-axis hand 
control le r s I compute r -dr  i v e  n 
a c t i v e  force f e e l  systems,  
i n t e g r a t e d  d i s p l a y s  may be 
needed for f u t u r e  g e n e r a t i o n s  
of Remote Manipula tors .  The 
loop dynamics e x h i b i t e d  by t h e  
wrist camera i n  t h i s  s i m u l a t i o n  
i n  connec t ion  w i t h  t h e  human 
v i s u a l  and neuromotor c h a n n e l s  
is peculiar t o  l a r g e  
man ipu la to r s  and p r e s e n t s  a set  
of i n t e r e s t i n g  model l ing  tasks 
i n  itself. 
GENERAL OBSERVATIONS 
The s i m u l a t i o n  as a whole is 
considered S U C C ~ S S ~ U ~ ,  judging  
from t h e  reaction of Operators 
t o  computer g l i t c h e s  and 
mal f unc t  i o n s  . These ind  i c a  te 
t h a t  t h e  expe r i enced  Opera tor  
is v e r y  m w h  i n  t h e  s i m u l a t i o n  
p i c t u r e  and is us ing  h i s  best 
effor ts  t o  perform t h e  task .  
Learning curve  effects are 
r e a d i l y  v i s i b l e  and repeatable, 
well documented. The t a s k  
presented i n  SIMFAC, t h a t  of 
c a p t u r i n g  a f r e e - f l y i n g  
s a t e l l i t e  and b e r t h i n g  it  i n t o  
t h e  Cargo Bay is deemed 
e q u i v a l e n t  to  t h e  worst case 
t a s k  expec ted  t o  be a t t empted  
i n  r e a l  l i f e .  
Quick s e t u p  and i n i t i a l i z a t i o n  
c a p a b i l i t y  of SXMFAC f a c i l i t i e s  
manned s i m u l a t i o n  under 
reasonably  c o n s i s t e n t  
c o n d i t i o n s .  
The observed  command s t r a t e g y  
and Opera to r  behaviour ,  as well 
as i n d i v i d u a l  performances,  
c l e a r l y  i n d i c a t e  not o n l y  the 
existence of an * i n n e r  model" 
but  t h e  n e c e s s i t y  of one even  
i n  the  static s e n s e ,  whereby 
some Operators manage t o  
ma in ta in  a picture of arm 
configuration r e g a r d l e s s  of arm 
v i s i b i l i t y ,  and avoid  p o t e n t i a l  
340 
joint limits, singularit ies and 
collisions. 
Some Operators perform equally 
well i n  dynamic and precision 
manoeuvres, others exhibit a 
dis t inct  preference and success 
i n  one or the other, No 
explanation is offered a t  t h i s  
time except the possibility 
t h a t  t h e  force characteristics 
of the hand controllers may 
have enhanced competence i n  
some cases by matching the 
i n d i v i d u a l  neuromotor systems, 
The f lexibi l i ty  of the dynamic 
arm presented a distinct 
increase of task  difficulty 
compared t o  the kinematic arm 
model, but  a l l  operators 
managed t o  adapt  their  i n p u t  
rates and control strategies t o  
overcome these effects,  I t  may 
be noted t h a t  both the 
increased dynamics i n  the wrist 
camera scene due to  
f lexibi l i ty ,  and the absence of 
an alignment a i d  target, led t o  
attempts t o  capture w i t h  less 
t h a n  proper alignment or a t  a 
questionable capture distb,tce. 
Simulated malfunctions 
presented i n  SIMFAC generated 
three dis t inct  phases of 
response i n  each Operator 
participating i n  the tests.  A t  
first,  a malfunction was 
immediately considered on the 
SIMFAC system, i.e. a 
simulation error,  No corrective 
action was attempted. In the 
next phase , most Operators 
blamed themselves, claimed Crew 
Error and t r i e d  to rectify i t  
u n t i l  they realized t h a t  the 
corrective commands were 
ineffective. F i n a l l y  , 
absolutely everything out of 
l ine was suspect, and 
immediately questioned as to  
which malfunction is being 
presented , 
From t h e  point of view of 
man-machine integration, the 
external loop composed of t h e  
Operator, the Wrist Camera 
display and the behaviour of 
t h e  End Effector due to  
f l e x i b i l i t y  effects  and arm 
geometry present a intricate 
problem, I t  is impossible t o  
analyze these relationships on 
paper and understand the wide 
range of factors involved, many 
of which are intangible, such 
a s  the aeronautical control 
convent ions ingrained i n  
Operators w i t h  piloting 
experience. SIMFAC has some 
shortcomings; t o  be sure; the 
visual scenes lack texture, 
reflections and shadows, 
contrast and similar effects,  
b u t  the dynamics of the 
presentation are sufficiently 
convincing to  point out f laws 
i n  the man-machine interface 
and to  validate system 
s t a b i l i t y  and operability w i t h  
man i n  the loop, 
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This paper discurrcrr the potential of supervisory cantmlled telc- 
operators for accorp1lr)lsmt of Imnipulation and sen- ta8ks in  deep 
ocean anvinmmsnts, and d b N S 8 8  01# such SyS-0 Telcaparatars and 
supervisory control are d e f h d ,  the currant problems of htrn divers arm 
reviewed, and MIT asaertionr are mde about why supewisory control her 
potenUal use to replace and extend huwn diver mpabilitier. The relative 
roles of man and c q t e r  and the variablam involved i n  m - c q t e r  inter- 
action are next dircursad. Fhlly, I detailed doscription of a mpervirary 
controlled teleapamtor mystem, SUPEFI)UN, i s  presented. 
1 0  Tal- tors urd SURUV irow Contro l  
I 
Piauts 1. Def initism of TeLeoperator and Suprrviroty Control 
I 
PAGE & 
Def -cI- indtionr 'Ip VUAEW 
tn&oFeMTOR 
controlled by a hwnn opetator, and thur enmhltIn8 him to extend hihaelf t o  
phyricrlly remote et hiatdour rnviramentre 
SUPERVISORY COHTROL 
A heirrtchlcal control rchme whereby a device hAvin8 mnoofi .  rcturtota 
a d  C O l p l t ~ ,  a d  caprblr of autoIIo#ua drcirian mating and control over a b r t  
petiodr and rrrct1st.d cmditionr t o  taratt ly nenitotd and intclmittmtly opmrted 
dltrctly or reprol(rrrr#d by I perrone 
A vehicle havlri8 aenrota and ratwtoro h r  mobility and/or nnnipulntian 
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the uppar figure the hurn directly controls, over either a wire or d c  
cammmimtiocr link, the #operate prcrprlrive actuator# of the M c l e ,  the 
actuf&tom for the -rate degree8 of frrcdcrr of th. mnipulator, and the 
pan and tilt actuators of the video camem. The video picture is lsnt 
back cli-ty to the oprator. The %und antral" cur bo a mster-slave 
pMitiw rCpUC8 or 8 at@ lw8UCke 
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r 
t0 maintain. T h e e  assertions are borne aut by rather alarming mortality 
figures 'for commercial divers i n  the North Sea. 
Water turbidity and other depth-related factors may require greater 
bottom-the, thus carpounding the deco@pression-time factor. thder such 
conditions, a fsXed-capability teleoperatortwhich son#tbnes is seen as too 
clwnsy by comparison to P human diver a t  shallawer depths, becomes much 
more at t ract ive economically. 
Happily, there is progress in the development of teleoperators, and 
they are  becoming less clumsy. InSpection and manipulation tasks which 
s.inply could not be accomplished a few years ago are now achievable, due 
t o  steady progress i n  the design of video systems, mechanical valves and 
actuators, etc. For the  immediate future, however, the primary technolog- 
ical factor which is changing the prospects for: undersea teleopemticm is 
the computer. 
manipulators in  tern of maneuverability, manipulation, tactile sensing, 
and cmertneas. Because of smaller unmanned vehicles and eventually through 
unmanned untetkered vehicles, hewever, the diver (especially the tethered 
diver) is losing his edge, Manipulation, sensing and cognition remain the 
primary advantages for the diver, but the computer is changing these also. 
C i r c a  1970 divers seemd to  have the edge on manned work-vehicles w i t h  
The conparison between teleoperators and manned submersibles is more 
clear-cut. The fact  is that television cameras can now "see" with less 
l i g h t  thaq the human eye, and new sonic imaging system can see through 
densely turbid waters where neither h m n  vision nor video can function, 
Spatial resolution or =.ideo can be made t o  approximate that of the eye by 
focusing. Present advantages of manned subnersibles or teleoperators as 
work vehicles (neglecting fo r  the rnoment personnel rescue) are: steropsis 
for close-up objects, and the ability of a hwmn observer with a wide angle 
of view t o  keep track of t he  re la t ive location of different objects. As 
the comanvlication channel improves, t o  the point where the manipulator 
itself is the limiting factor, a man in a suhmrsible can control manipu- 
la tors  or video pan-tilt controls just as well ab; a man on the surface. 
The major difference remining between manned submersible and teleopemtor 
are then cost and safety, as with the diver. The pressure vessel and life- 
support equipment make the  manned submersible mch more costly than the 
same vehicle without the pmssure vessel and life-support equipment but 
w i t h  remote control instead. The factors of quality and rel iabi l i ty  of 
coarmurication and remote control then becow the key factors. 
3. Why Supervisory Control of Teleomra tors Underseas? S a m  ASSerti0n8 
about the Problem. 
a. Demands are increasingly stringent h tens of depth. sensory lm80lU- 
tion, speed and accuracy of power of response for acconplishmmt of under- 
sea tasks. Some of these tasks are always the same and are amemble to 
fixed automation, but m y  are different each timc they occur and therefore 
cannot be done by fixed automatAon. 
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b. In tems of depth and s k i l l  hwrran divers are reaching their limfts, 
or  when the$ go beyond these limits they do so a t  significant r i sk  to  life 
and cost i n  support equipment and personnel. 
C. Telaapcrators, i.aO,arkpers5bles having ddem and other sensors, actu- 
ators for embility and manipulation, and remotely conteolled by humn aper- 
atom, offer mch pracnise for  extending man's flexible, adaptable, perceiv- 
ing and control capabilities into remote and hazardous enviroments. 
dc Present teleoperatora are quite limited in sensory capability (e.g,,in 
turbid water), i n  manipulation capability (in speed and dexterity as compared 
to httman hands), and i n  dealing with distortion in man-machine camnunication 
(laisor&entatiOn of teleoperatar t o  htrman body, timi delay8 and nofse). 
e. CoRlputers are rapidly getting smaller in  s ize  and power raquimwnt 
and cheaper i n  cost for a given computing capability. 
f, While accanplishment of one-of-a-kind undersea tasks by intel l igent  
and caapletely autat#wrous robots may have appeal, we! simply do not have 
available a t  t h i s  time such devices o r  the understanding to build such de- 
vices. 
g. Undersea systems, like aerospace systems, demand cansenmtive design 
because unmliabil i ty poses sevem costs. 
h. The most immediate and reliable approach would appear to be to add 
modest computer aiding and llartificial intelligence" to teleoperators, ET- 
tainirig human sensing, motor, memory and decision capability, a t  least for 
higher level planning, decision-making, and control. 
io Over a longer period of p a r s ,  as computer control and a r t i f i c i a l  in- 
telligence become more sophisticated, cer ta in  human functions in teleoper- 
ation may be replaced, but greater need and demand w i l l  be placed upon 
other human €Unctions, and in these respects the need for laproved wn- 
catputer interaction w i l l  increase, not diminish. 
4. Relative Roles of Man and Cbmpllter. and Man-ComputOr: CammuniCaticm. 
In analyzing the relationship between humn operator and cowputor in 
teltmperatim, it is useful to consider haw human behavioral canpomts, 
through two basic forms of conmunlcation a m  wed in  four h u m  su~ervi8ory - roles. Figure 2 s\lllpmarizes the situation by arrows indicating causality 
betman descriptors. 
Canandinq the computor is dane by either typing strings of symbols 
or pushing dedicated buttons or switches (symbolic cornbands) o r  moving a 
joystick o r  replica controller, where there ir a geometric isomorphiam be- 
tween control movement and i t o  meaning (rralaaic comnands). Observin can 
a lso  be of symbolic displays (alphammerics) or amlogic disphys + pictures 
or geometric dkgrms). Imaininq(intcrna1 mental visualization) m y  also 
be sylnbolic or analajic. 
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Supervisory commands may be for ptkposes of p l a d n g  infsrmaCian, 
such as referencing cOlllputer memory or testing a potential firture action 
on a modal; they m y  be fo r  orderfna telcowrator action: they m y  be 
for making computer adjustments while monit6rincr tele&rator action: or 
they may be for intemeninq i n  teleomrator action to ass- direct mnual 
control, Observation of displays is indicated in both the planning and 
the monitoring role of the operator. 
As shtm i n  t ie  f&ti row, the  teleoperator may be ordew to  act 
in t(r0 diffezent wya. One is where the man shares control with the COQI 
puter, i.e. the tm, work on the sane task a t  the same time, The othel: $8 
where the man trade8 control on a l l  or sonbe of the tasks, i.e. f o r t h o s e  
tpsks he gives over c a p l e t e  control to the camputer. Intcrvmtian means 
that the caaputer Wade8 control back to the m. When control ha8 been 
traded to the computer, part of the ace of monitoring is to observe (amlogic 
and symbolic) dirplays of i t 8  performance, as shawn by the upward arrows. 
The coAputer*s alternative operating roles when sharing control with 
the huntan operator are relieve, i.e. do things which make his work easier, 
and extend, Le. puuhing hi8 perfommce beyond where it would nomally be. 
When control is traded to  it the computer may backup the operator by behg 
ready to  take wer in case he fa i l s ,  or it may replace him altogether. 
While this taxanoray of relationships a t  the present has no correspond- - quantitative theory, it has kcn useful to the  authors in thinking 
about what is desirable for m a n - c q t e r  control of telcapcrators, I n  par- 
ticular it had helped us think thnnxgh the various fo rm of coraputer aiding 
which might be pragranmed in to  an experimental system. And it has clarified 
for us the potential of using a canbination of general purpose typewriter 
and dedicated on special-purpose keyboard colnnands (symbo1ic)and force- 
reflectlng master-slave and rate comwndr ( a ~ l a g i c ) ,  
5. SUPERMAN: A System for Suotrvisorv Manipulation 
A brief description of a t h e s i s  by T.L. Brooks h progress a t  the Man- 
Machine Systaw Lab at  HIT is given on the follawlng pages as an example 
UM 3 sham t h e  general ~la t iOn8h ipS  between the mltiple inputs (keyboard, 
dedicated symbolic keyu, and analog inputs), the computer states (STANDBY, 
DEFINE, EDIT, EXECUTE, AND TAKEOVER) and the  control modes (RATE, KURJ 
WASTER/SLAVS AND RATE, )IASTER/SLAVE, and COMPUTER control). 
Of a S u p C r V i S O q  N n i p U h t O r  SyStCnro Thi8 SyUtm i S  Called SUPERMAN. Fig- 
STANDBY State -When the conputer is in this state, control rasid88 
With the laah program and the operator. By prersing the  proper button on 
the ccmtrol comole, the  user can enter a particular manual control mbde 
or another camputer state (see Figure 4). 
Manual Control M e  - A msnual cantrOl Plod8 i 8  the method through 
whS;eh the user analogically interacts with the a m ,  A control d e  is 
independent of the .tat*? F6r example, the control mode might be RASTER/ 
SLAVE hi18 the 8 b t o  is EDIT, Them are three kinds of modest 
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a) WTE - The individual degrees of freedom are controlled 
through rate camMnds by switches on the  control console and a poten- 
tiometer for r a t e  adjustment, Both rate and resolved-motion rate are 
available. 
b) MIXED MASTER/SLAVE AND RATE 0 The master acts as a spring- 
loaded joystick i n  the X, Y and 2 axes, giving rate ammnds to t h e  X, 
Y and 2 axes of the slave proportional to displacement of the  master. 
(The rate of the slave arm is then reflected in t h e  force feedback 
level which the operator feels in the master,) Both rate and resolved 
motion rate control are available, The remaining degrees of freedom, 
the left  and r i g h t  elevation, t h e  azimuth and the end-effector a re  con- 
trolled i n  a master/slave mode. 
c )  MASTER/SUVE - The slave am is driven t o  duplicate in position 
the  action of the master. Any force fe l t  by the slave is reflected to 
t h e  master giving the operator force feedback (io@. proportiam1 to 
position dispariky between master and slave). 
- DEFINE - DEFINE is the primary state through which the operator enters 
a st r ing of comands to be executed. Camnands are entered by pressing 
specially dedicated buttons for each function. A l l  of the buttons used i n  
the  D&FINE state have dual functions (8- Figure 4 - dual function buttons 
are 0-15). 
EX- State - As the title impiies, the  string of camMnds is exe- 
cuted through t h i s  state. During the execution of the comrnand register,  
i f  the operator desircr t o  take control, thore are two methods available. 
The operator can take inmediate control: (1) by pulling on the appropriate 
control s t i c k  (io@. t h e  WSTER i n  t h e  case of MASTER/SLAVE or MIXED 
WASTER/SIAVE AND RATE modes or  the rate switches in the RATE mode), or 
(2) by pressing the STOP button (a l l  action ceases after the STOP button 
has been pressed u n t i l  the operator signals for continuation or return 
t o  STANDBY), The operator can execute a s t r ing  of commends which have 
been saved a s  a task file by presaing one of the lighted TASK FZLE buttons. 
The operator also has the option of executing the current cammd regis ter  
by pressing the EXECVTE button, This allem t h e  operator to define u 
st r ing of camrands and imRlcdiately execute them t o  determine i f  any modi- 
fications are necessary. After the operator i s  8- t h e  command string 
perfom the desired function correctly, that function can then be saved 
as a t a s k  file or a mmed file, 
TAKEOVER State - TAKEOVER i 8  a transit ion state between control modas, 
Le. from comrputer control to the cm'krol mode in effect before the EXECUTE 
conmando Special problems resu l t  during t h i r  state due t o  the mimatch 
betweea the  master and the slave a t  the t h e  of the takeover. The diamond 
in Figure 3 signifies that after the ahmatch has been dissolved, the op- 
erator has the option of moving in to  the STANDBY 8tate or continuing the 
EXECUTION state. 
The detailed meanings of the DEF'INE buttons 0-15 am given below: 
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BUTTON 
Number 
0 
1 
2 
3 
6 
Comnand 
END 
Final command used t o  signal completion of DEFINE state. 
SAVE 
Used t o  save the comnand reg is ter  on the disk as e i the r  
a task f i l e  or  a named f i l e ,  A task f i l e  can be recal led 
o,nly by one o f  e ight  buttons i n  the STANDBY state, whereas 
a named f i l e  i s  saved under a user-designated t i t l e  and 
can only be recal led by the same name through the GET but- 
ton (6) i n  the DEFINE state, 
EDIT 
The EDIT comnand allows the user t o  modify the comnand 
register. The fol lowing options are avai lable through the 
keyboard a f t e r  entering the EDIT state; 
CHANGE A LINE 
1 INSERT A LINE 
1 DUPLICATE A LINE 
DELETE A LINE 
LIST COMMAND REGISTER 
RETURN TO DEFINE 
2ND 
Used t o  enter the second function o f  dual comnand keys, 
The f i r s t  function of each key i s  pr inted i n  black l e t t e r s  
above the button. The second function i s  w r i t t en  below 
the button i n  gold le t ters .  To enter a second function 
comnand, press the 2ND key and then the desired second com- 
mand. 
ERASE LAST LINE [ERASE] 
Used t o  erase the l a s t  entry i n  the comnand'register, 
GET 
Used t o  re t r i eve  a named command f i l e  from the disk. 
GET asks f o r  the name of the comnand f i l e  
and then locates the f i l e ,  reads i t  i n t o  the comnand reg i s te r  
(and returns t o  DEFINE s t a t e ) .  
t o  be recal led 
RESET 
Used t o  i n i t i a l i z e  the necessary internal  variables and the 
command reg i s t e r  t o  zero. 
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7 THROUGH PATH [TPATH] 
a 
9 
10 
11 
12 
13 
Records the present pos i t ion o f  the arm f o r  use i n  EXECUTE 
as a through point. 
the operator desires the arm t o  move through without stop- 
ping, i .e. non-zero veloci ty point.) 
(A through point  i s  a pos i t ion which 
INCREMENT (DOF) (XXXX) 
Makes an incremental motion i n  the desired degree o f  
freedom by a selected value. The user enters.the INCREMENT 
command, then the degree of freedom (DOF) , adjusts the 
desired increment (XXXX)  through the potentiometer and 
presses the READ POT VALUE button d i r e c t l y  beneath the 
potenti  meter .  
IF (DOF) FORCE.GT, 
EXECUTE NEXT COMMAND 
If the force leve l  i n  the desired degree of freedom 
(DOF) i s  greater than the leve l  set  by the operator (XXXX)  
the fol lowing comnand i s  executed. If the force level  i s  
less than the level  set by the operator, the comnand immedi- 
a te ly  fol lowing the I F  FORCE,GT, statement i s  skipped during 
execution. The user enters the I F  FORCE.GT. comnand, then 
tt,2 desired degree o f  freedom, adjusts the force level  through 
the potentiometer. 
GRASP WITH FORCE (XXXX)  [GRASP] 
The user enters the GRASP comnand and adjusts the force 
level  through the potentiometer. 
DISCRETE PATH [ DPATH] 
Records the present posi t ion o f  the arm f o r  use i n  
EXECUTE as a stopping po2nt. During execution, the 
slave arm i s  moved from i t s  current pos i t ion t o  
the recorded posi t ion wi th zero f i n a l  veloci ty.  
LABEL (XXXX)  
Labels a posi t ion i n  the comnand reg i s te r  which can be 
returned t o  through a GOTO comnand. The user presses the 
LABEL button and then the number ( X X X X )  of the desired 
label, 
GOTO (XXXX) 
GOTO i s  a conditional comnand which moves t o  label  (XXXX),  
unless the operator signals during execution t o  change the 
branch t o  ( Y Y Y Y )  by pressing a di f ferent button. To enter 
the command the operator presses the GOTO button and then 
the number ( X X X X )  of the label t o  which GOTO should branch. 
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14 
15 
OPEN 
Open jaws, 
CONTINUOUS PATH [ GPATH J 
Records the pos i t ion o f  the master manipulator every 0.1 
second f o r  use i n  EXECUTE, A continuous path i s  achieved 
by interpolat ing between the. recorded positions, 
2ND - 0 ABSOLUTE 
Informs the execution compiler t ha t  the comnand reg is ter  
i s  t o  be executed exactly as recorded (see RELATIVE), The 
user enters the absolute comnand by pressin the 2ND 
button (#4) and then the ABSOLUTE button (#0 ? , 
2N0 - 1 RELATIVE 
Informs the execution compiler t ha t  the posit ions i n  the 
comnand reg is ter  are t o  keep the same r e l a t i v e  displacement 
wi th respect t o  each other, but are t o  be transformed so 
that  the f i r s t  posi t ion fo l lowing the RELATIVE comnand 
corresponds t o  the posi t ion o f  the slave a t  the t i m e  o f  
execution. A RELATIVE comnand can be cancelled by an 
ABSOLUTE comnand, wi th  the r e s u l t  t ha t  only the positions 
between the RELATIVE and ABSOLUTE conands are transformed. 
The user presses the 2NB button (14) and then the RELATIVE 
button (#l) t o  enter the command i n  the register.  
2ND - 2 
through 
2ND - 15 not assigned, 
As an example program consider a s t r i n g  of commands to  take a nut aff 
of a bo l t  and put i t  i n  a box, 
major sections, one removes the  nut and the  other places i t  in the  box. 
Since t h e  usex would prefer  one nut removal program to  be used f o r  a l l  nuts 
regardlees of the or ientat ion of the nut,  a RELATIVE comnand rhould obviously 
be the  f i r s t  command in the  register (the RELATIVE command and a l l  of the  
following cotmnends a r e  br ie f ly  described under DEFINE), The entire cownnnd 
r eg i s t e r  fo r  the nut remwal program would be as follows, The following 
general formats w i l l  be followed throughout t h i a  example: 
This program can be broken down i n t o  two 
IBVTTON PUSH] 
(POT W I N G S )  
"KEY60ARD COMMANDS" 
COMPUTER REPLIES 
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1 [RELATIVE] 
2 !LABEL] 111 
3 [DPATH) 
4 [GRASP] (200) 
5 [DPATH] 
6 [INCREMENT] [Y1(300) 
7. [IF FORCE.G'i.][Y] (100) 
8 
9 
10 
11 
1 2  
13 
14 
[SAVE J "NUT-OFF" 
Place the  s lave on a nut and record 
tha t  posi t ion by pressing the DPATH 
button. 
T u r n  the  end ef fec tor  180. and record 
the  posit ion.  
Increment the  s lave  by 300 counts i n  the  
direct ion tha t  would p u l l  the  nut  off. 
I f  the  force is greater  than 100 i n  the  
Y direct ion,  the nut is s t i l l  on the  
bol t ,  therefore execute the  next 
command 
I f  the force had been less than 100 i n  
the  Y direct ion,  the  nut La f r e e  and 
th i a  commend would be executed. 
Rekuirl the  arm t o  posi t ion before 
incremanting i n  86. 
Release the nut.  
Return t o  LABEL 1 and continue turning 
the nut. 
kind of the  f i r s t  pa r t  of talrk - nut 
is of f .  
Save command reg i s t e r  aa the  named 
f i l e  "NUT-OFF" (typed in at  the  keyboard) 
The second par t  o f  the  task xequires the  manipulator t o  place the  nut 
i n  a box. 
box would be as follows: 
The entire cowmend reg i s t e r  f o r  the  program t o  put the  nut i n  the  
3 56 
3 [ DPATH f 
The box would always be i n  the aaipe 
place . 
Move the  s lave  to  a posi t ion j u s t  over 
and above the  outside edge of the  box 
and record t h f s  posi t ion by pressing 
the  "PATH button. 
Move t h e  alave to  a posit ion Over the  
center of the  box and record the  
position. 
Enter same posit ion as in  12 by 
duplicating l ine  2. 
[SAVE) "NUT-IN-WX" 
A t  t h i e  point the operator could c a l l  e i t h e r  program and execute it. 
But the present s t a t u s  of each f i le 
The NUT-OFF program would simply take the  nut off and return control  to the  
operator as  soon as the  nut waa free.  
(i.e., a named file) requires tho t  the  operator type in each name t o  
obtain the  f i l e  t o  execute it, 
comands the  f i l e  will be saved as a task f i l e  which i 8  imed ia t e ly  executed a t  
the touch of a button: 
I f  the  operator per form the: following 
[GET 1 "NUT-OFF" 
[GET] "W-IN-BOX" 
The computer wi l l  reply by s t r ing ing  the two files together as one f i le .  
Then enter:  
[SAVE] "TASK-€3 LE" 
and ptcss the  button which will r e t r i eve  the Pile (e.8.) button #l), To 
remove a nut and put it in the  box the  operator simply prerrses the  same 
button, the  execution compiler transforms the  first half  of the teaistar 
r e l a t ive  to  t he  posit ion of the slave at t he  Instant  the button $8 pressed 
and then executes the  program After the nut ie rersoved and placed in the  
box the s lave  returns  to  the  operator'@ position and the  computer ralinquiaher 
control 
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DISPLAY AIDS FOR REMOTE CONTROL OF UNTETHERED UNDERSEA VEHICLES* 
W. L. Verplank 
Man-Machine Systems Laboratory 
Department of Mechanical Engineering 
Massac huset s s I u s  t i t u t e  of Technology 
Cambridge, Massxhuset ts  02139 
Abstract  
A "predictor" display superimposed on slow-scan video o r  sonar da ta  i s  
proposed as a method t o  allow b e t t e r  remote manual cont ro l  of an untethered 
submersible. 
which otherwise make cont ro l  p r a c t i c a l l y  impossible. 
Simulation experiments show good cont ro l  under circumstances 
1. Introduct ion 
Untathered, unmanned submersfbles have been l imi ted  t o  automatic cont ro l  
on simple pre-programed or target-seeking t r a j e c t o r i e s .  
gation and obstacle avoidance w i l l  r equi re  increasingly sophis icated auto- 
matic cont ro l  and/or d i r e c t  cont ro l  from the  surface.  
through a sonic  communication channel w i l l  be  d i f f i c u l t  because >f t he  low 
bandwidth and the  s igna l  t r a v e l  time, Probably the  most productive approach 
w i l l  Le a combination of elementary automatic cont ro l  such as i s  poss ib le  
with some present-day te thered submersibles (e,g., a l t i t u d e  o r  ciepth and 
heading control)  p lus  display a i d s  which make cont ro l  easier f o r  t h e  operator.  
This paper proposes a display a id  which is pa r t i cu la r ly  appl icable  t o  the  
problems of time-delay atid slow frame-rate, 
More precise navi- 
Direct human cont ro l  
2. The Problem 
For remote cont ro l ,  there  are two sources of d i f f i c u l t y  with sonar 
communications: time-delay and slow-frame-rate. Round triF time-delay i s  
the  t i m e  f o r  a command t o  travel t o  the  vehic le  and t h e  f i r s t  ind ica t ion  gf 
response t o  t r a v e l  back. At 8 minimum t h i s  w i l l  be two times t h e  d i s tance  
divided by the  speed of. propagation, 2T. For example, T * 1 second 
a t  about 5,000 f e e t .  
P i c t o r i a l  information from t e l ev i s ion  camera or  obs tac le  avoidance smar 
w i l l  be fur ther  delayad because of l imi ted  channel capacity.  
low resolut ion p ic ture  of 80 K b i t s  and a channel capacity of 1 O K  b i t s l s ec . ,  
there would be a t  most, one p i c tu re  every 8 seconds (S = 8 seconds). 
Assuming a 
The efEeets 02 t ry ing  to  navigate with j u s t  t h i s  p i c t o r i a l  information 
are i l lustrated i n  Figure 1, 
* 
This work waL supported in p a r t  by ONR Contract N00014-774-0256, 
untethered vehicle  control  problem was suggested i n  discussion; with the  
The 
Harbor Branch Foundation and the  M.I.T. Off ice  of Sea Grant. 
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Figure la.  Ef fec t  of delays from t ranspor t  t i m e  (T) and scan t i m e  (S). 
The p ic tu re  from a is received T + S seconds a f t e r  i t  is taken; t h e  
f i r s t  operator response is received by the vehic le  a t  least T seconds later, 
f o r  a t o t a l  delay of 2T + S seconds. 
still  p ic tu re  from 0)  t he  commands he  is sending are ac tua l ly  moving the  
vehic le  from 1' t o  2 ' ,  as i l l u s t r a t e d  i n  Figure lb .  
While the  operator  is looking at  the  
Figure lb. Posi t ions  of vehicle a t  times i n  Figure la, 
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Predictor displays were f i r s t  used for submarine cont ro l  (Kelley, 1968). 
NASA considered predictor  displays f o r  remote control  of unmanned lunar 
roving vehicles (Arnold, 1963) but sen t  men instead. 
The predictor display proposed here presents a symbol superimposed on 
the  slow-frame-rate and time-delayed p ic ture  from the  vehicle 's  t e lev is ion  
camera. 
commands predicting "future" posi t ions of the  vehicle.  
t o  Figure lb ,  when 0) is complete the  predictor symbol would show the  
posit ion 1'. 
moved, i n  response to  the  operator 's  commands, t o  posi t ion 2 ' .  
The symbol responds inatantansously and continuously t o  the  operator 's  
For example, re fe r ing  
Before the  next p ic ture  from a ar r ives ,  the  symbol w i l l  be 
The posi t ion of the  vehicle  is computed from a l o c a l  model of the  vehi- 
cle response and the operator 's  commands u ( t ) ,  as shown in Figure 2. 
Figure 2. Predictor display superimposed on p i c t o r i a l  data  
P ic to r i a l  o r  Map Displays 
The predictor symbol may prove useful both on p i c t o r i a l  displays 
(superimposed on te levis ion o r  obstacle-avoidance sonar) and on map-like 
posit ion displays. Map displays would avoid one d i f f i c u l t y  of p i c to r i a l  
displays,  which is loosing the predictor symbol when i t  moves out of the  
f i e l d  of view of the camera (for example, moving sideways OX backward), 
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Auxiliary Pos i t ion  Data 
I f  pos i t i on  da ta  is  ava i l ab le  from transponders o r  l oca to r  beacons, i t  
could be used t o  update t h e  veh ic l e  model. 
t he  open-loop predic t ion  would have t o  span an i n t e r v a l  of (at least) 2T + S 
t o  ( at  most) 2T + 2s seconds, 
estimate w i l l  only need t o  span t h e  delay of t h a t  aux i l i a ry  da t a  (at minimum 
2T). 
co-mnd vector  ; x ( ) 
With j u s t  t h e  p i c t o r i a l  da ta ,  
With aux i l i a ry  feedback t h e  open-loop 
The s i g n a l s  and corresponding delays are shown i n  Figure 3. (u( e ) ,  
veh ic l e  loca t  ion data)  . 
scaut .t;ravcl 
.time t h  
U 
Figure 3. Delays associated with pred ic tor  ca lcu la t ion  
Adaptive Estimation -
Another f ea tu re  t h a t  could be b u i l t  i n t o  the l o c a l  model of t he  vehic le  
is  some estimate of t he  dis turbances (such as w r r e n t ) .  The cur ren t  model 
as w e l l  as the  vehic le  model could be  updated on t h e  bas i s  of t he  mismatch 
between predict2d and measured vehic le  posi t ion.  
4. A Demonstration Experiment 
I n  order t o  explore the  e f f e c t s  of the  pred ic tor  d i sp lay ,  an i n t e r a c t i v e  
s imulat ion was wr i t t en  on an In t e rda ta  70 computer and Imlac graphic display.  
A random terrain was generated and displayed i n  perspect ive,  updated every 
8 seconds, t o  simulate the  p i c t x i a l  information. 
was generated respresent ing the  vehic le  as a square i n  perspect ive,  Two s t r a i g h t  
r idges  were added t o  t h e  random terrain t o  serve as a test course,  
A moving predic tor  symbol 
(Figure 4). 
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Figure 4. Computer-generated terrain with predictor symbol 
The simulated vehicle was controlled by the operator with a spring- 
centered 2-degree-of-freedom joystick. 
was simple integration with forward speed proportional to forward-back 
position of the stick and turn-rate proportional to left-right position 
of the stick. . The vehicle was always the same height above the terrain 
(simulating automatic altitude hold). No disturbances such as currents 
were simulated, Also, it was found important to have a good detent and 
dead-zone on the sitck to avoid inadvertent commands, 
The dynamic response of the vehicle 
A stationary "table" was drawn to indicate where the next picture 
was to come from while the "real-time" predtctor continued to move in 
response to the operator's commands (Figure 5). 
to this table to indicate the field of view. This reduced the considerable 
confusion about how the picture was expected to change and served as a guide 
for keeping the vihicle within its own field of view: which is the best 
strategy for using this kind of predictor on the pictorial display. 
Dotted lines were added 
Figure 5. Predictor plus "table" showing from where next picture Will come 
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Resul ts  
A t yp ica l  path,  without the  pred ic tor ,  is shown i n  Figure 6 .  The dot ted  
l ines represent  k l t e r r a in -un i t  from t h e  ridge.  
vehic le ' s  pos i t i on  every 2 seconds, 
p i c tu re  sent!. 
sees.) o r  successive p i c tu re s  ( 8 seconds.) 
The circles represent  the 
V's represent  t h e  f i e l d  of view of each 
Quite o f t en  the re  is n2 movement between successive do t s  (2 
Figure 6 .  Typical path with Figure 7. Success a t  slow speed 
no predic tor  with no predic tor  
Only with extremely slow speed was it  poss ib le  t o  keep t rack  of t h e  
r idge.  
j u s t  one of the  r idges  (half  thc  course) 
Approximately f i v e  minutes and 40 p ic tu res  were required t o  t r ave r se  
This  is shown i n  Figure 7. 
With the  pred ic tor  symbol, prac t i ca l ly  continuous motion was possible .  
The course was completed in 3 minutes A t yp ica l  path is shown i n  Figure 8. 
and 23 pic tures .  
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Figure 8 ,  Path with pred ic tor  display 
Request Mode 
One unexpected f ind ing  from these  experiments was that r a t h e r  than 
sending the  p i c tu re  per iodica l ly  every e igh t  seconds, sending the  p i c tu re  
only upon 
necessary and encourages a "move and w a i t "  s t r a t egy  which avoids confusion. 
The d i f fe rence  is i l l u s t r a t e d  i n  Figure 9. 
the  operator 's  request reduces t h e  t o t a l  number of p i c tu re s  
Figure 9a. New p i c tu re  every 8 seconds: "periodic mode" 
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Figure 9b. New p ic ture  upon request  : "request mode" 
I n  t h e  per iodic  mode (Figure 9a) a shor t  move s t a r t i n g  wi th  t h e  r e c e i p t  
of p ic tu re  
to1 might expect; instead he has  t o  wait f o r  B) . 
(Figure 9b), t h e  wait f o r  p i c t o r i a l  cmf i rmat ion  is mininiized. 
w i l l  not  be r e f l ec t ed  i n  t h e  next p i c t u r e , a  , as the  opera- 
In request  mode 
Figure 10. Typical path in t h e  request mode 
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A typical path in request mode (using the predictor) is shown in 
Figure 10, Compared to periodic mode) the time is about the same but the 
number of pictures used in one-half to one-third; velocities are higher but 
there is a wait for 10 seconds as each picture is taken and sent. 
. 
On an actual vehicle, probably both modes should be available with the 
request mode used when move-and-wait strategy is appropriate (for precise 
positioning based on pictorial feed-back, and when environmental disturbances 
are small). Periodic mode is probably more appropriate for less precise 
navigation and continuous motion when the predictor symbol can be relied 
upon. 
Another trade-off that should probably be built into the pictorial feed- 
back is variable frame-rate/rssolution. 
environment (i,e., larger bandwidth disturbances or target motion) sampling 
rate will want to be higher at the expense of resolution. 
In a more dynamic and uncertain 
6. Coaclusions and Recommendations 
For the conditions studied (T = 1 sec., S = 8 sec.) mrinual control is 
not feasible withcJt display aids such as the predictor symbol. 
mode is preferred as it seems to avoid confusion and reduce the number of 
pictures necessary. 
The request 
The present results are at best preliminary, We studied only very 
simple vehicle dynamics and only one set of delay conditions. 
with laboratory simulation can investigate: 
Further study 
1) more realistic vehicle dynamics, 
2) environmental uncertainties such as drift , 
3) a broader range of delay conditions and 
4) various degrees of partial automation. 
Also, the predictor displays (both pictorial and map) could be used 
on existing tethered vehicles to simulate untethered operation and evaluate 
thc. potential for untethered operation. 
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A 
A study was conductedto explore the feasibility o f  a safety margin and 
flight reference system for those powered-lift aircraft which require a back- 
side piloting technique. The naln objective was to display multiple safety 
margin criteria as a single variable which could be tracked both manually ajrd 
automatically and which could be monitored in  order t o  derive safety margin 
status. llhe study involved a pilot-in-the-loop analysis of several system 
concepts and a sixnulator experiment t o  evaluate those concepts showing promise. 
A system was ultimately configured whtch yielded reasonable campromises i n  
controUbiUty, status information content, and the ability t o  regulate 
safety margins a t  some eqense o f  the allowable low speed flight path envelope. 
It was necessary, however, t o  utilize an integrated display of two variables - 
one to  be tracked in a compensatory manner and one to  be monitored, The 
variables themselves consisted of lineeur combinations Lf the computed cr i t ical  
safety margin and pitch attitude, and the proportions o f  :he combinations were 
definable t n  terms of the aforementioned comprolaises. 
k Weightjag coefficient for  pitch attitude 
Engine rpn NH 
V Airswed 
Mnimum airspeed at approach thrust 
Hlnimum airspeed at, m a x i m  thrust 
VLJn 
vd% 
U Angle of attack 
Maximum allowable angle of attack amax 
Y Aerodynamic fl ight 
0 Pitch attitude 
* Thls study was performed under Contract 
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The pilot 's  control technique for a powered-lllft a i rc raf t  i n  the approach 
f l i gh t  phase i s  inherently different f'mm that for  a comrentional aircraft .  
The p i lo t  (or autopilot) of the powered-lif% a i rc raf t  canabt simply use 1.3 
times the power-off s ta l l ing speea (for the approach configuration) as the 
target airspeed or "flight reference" and be guaranteed adequate safety 
olargins. Since a powered-lie aircraft derives a s~gn i f i can t  part of its 
l i f t  from a thrust vector which is  inclined nearly perpendiculxu, to the f l igh t  
path, the mininllun speed i s  determined t o  a large extent by the thrwrt or 
power setting, This is i n  dramatic contraet t o  the characteristics of a con- 
ventional a i rc raf t  as shown i n  Fig. 1 * Note that the approach speed for  @ 
powered-Uft a i rcraf t  ma be i n  the neighborhood of Vie idle  thrust s W n g  
speed (Point A i n  Fig. 17. 
parameter) t o  use RS a flight reference which will ensure adequate safety 
margins, the p i lo t  may have t o  cope with some other unusual fUght character- 
i s t i c s ,  For example, most powered-lift a i rcraf t  approach at speea  on the 
"backside" o f  the thrust required curve. Consequently, a "backside" or "STDL" 
control technique is  usually used, i.e., the p i lo t  uses pitch at t i tude t o  
regulate airspeed and mdulatas thrust t o  control f l igh t  path. A typical. 
flight charaGberistic resultjog fromthos node of control and fxomthe thrust 
vector being inclined nearly perpendicular t o  the fliat path i a  shown in 
Fig. 2. That i s ,  i f  the pi lot  i s  wine; airspeed &s a flight reference (i.e., 
Itlaintaining a consta,nt airspeed), it can be seen that t o  steepen the descent 
path angle the pi lot  munt incrdase pitch attitude! T h i s  i s  contradlctory to  
a l l  normal practice and can make airspeed a very confiasiw f l ight  reference. 
In addition t o  the problem of seiecting a suitable speed (or other 
Because of these problems, the pi3oCs of airplanes such a8 the W A  
AugrPentor W i n g  J e t  STOL Research Aircraft (AWJSRA) must use a combination of 
airspeed, angle of attack, and pitch attitaxle as a flight reference, Only 
through extensive experience are these pilot8 able consistently to  W n t a i n  
adequate safety arargins. While t h i s  w e  o f  a complex fUght reference has 
been acceptable i n  the research environment, it would not be acceptable 
operationally, 
The objective o f  the program, therefore, w a 8  t o  find 9 single display 
to  be used for  maintaining a safe flight condition S r ,  powere6-lift aircraft .  
Geveral features nesdedto be considered, however, which signif'icantly compli- 
cated the Besign o f  such a system. These are shown i n  Fig. 3. 
The present 8 t u Q  was primarily a feasibi l i ty  study and was United IB 
CUI a l y s i s  and simulation phase. The results to be presented were obtained 
i n  the conkext sf (i) an existing powered-lift S W L  airplane (NASA AWJGRA), 
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AIRSPEED, V kt 
A' / 
w. idte 
Figure 1 Comparison o f  7 - V Plots Between a Conventional 
and a Pow wed-Lift Aircraft . 
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0 - 0  )(Ti 
\ 
\ 
Ffgwre 2, y - V Curve Showing Region of Adverse Cmaa CoupUr.g 
Along Trajectory o f  Desired Airspeeel. 
monuat control 
A s& display 
for maintaining 
Maximlrr'ion of Pcactieatity of 
Figure 3. Tragaoffs Involvcsd i n  the System Design. 
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(ii) &sting avionics hardware ( S T O W  guidance, control, and navigation 
system, Ref. 1 ), and (iii) severe atmospheric disturbances encountered during 
the landing approach f l igh t  phase. 
An extensive study of airworthiness requirements w h i c h  i s  described in 
Refs. 2 and 3, defined the required safety margin c r i t e r i a  for powered-lift 
a i rc raf t  i n  terms of the instantaneous angle of attack and airspeed. The 
suggested cr i te r ia  f r o m  Ref. 2 are l i s ted  in  Table 1. Figure 4 shows these 
c r i te r ia  superimposed on the AWJSRA flight envelope. 
assumed these safety margin c r i te r ia  for the purpose of defining the avail- 
able flight envelope. Note that only two cr i te r ia  dominate, i.e., airspeed 
must be greater than the minimum speed a t  maximum thrust plus 20 h o t s  and 
the angle of attack must be such that a 20 knot ver t ical  gust will not result  
i n  exceeding the maximum allowable angle of attack. The resulting flight 
envelope is  bounded i n  Fig. 4 by the l ines labeled "minimum safe airspeed." 
The present study 
Table 1 Safety Margin Criteria. 
( A l l  Engines Operating) 
V > 1.13 Vmin (approach thrust) 
V > Vmin + 10 knots (approach thrust) 
V > 1-.3 V d n m  (ma~.imWn thmrst) 
Most 
Crit ical  
Criteria I v > f 20 knots (maxim tmt) a .c cc - sin-" 2o (vertical  gust margin) max V 
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Figure 4. Relationship of Various Safety Margin Criteria. 
(Corresponding t o  Table 1 for  the AWJSRA) 
A large number of possible f l i g h t  reference and safety margin mechani- 
zations that  were consistent with this f l igh t  envelope were examined and are 
described i n  detai l  i n  Ref. 4 
system analysis methods and considered: ( 1 )  ease of control, (2) display of 
safeety margin status, (3) p i lo t  and autornafic system performance i n  maintain- 
ing safety mgins, and (4) system mechanization as they relate  t o  sensor 
and computational requirements. 
through the large number of possibil i t ies t o  find a few which would be worth- 
while examini-?g during the simulation phase. 
The analysis uti l ized multiloop control 
The purpose of the analysis was t o  sort 
From the large number of implementation concepts Jnsidered, one was 
found t o  meet design objectives satisfactorily. Although it consisted of a 
single display, two varfables were involved. One variable was actltveLy 
tracked and thus served i ~ b  a flight reference, The other variable was simply 
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monitored in order t o  obtain high quality status information. 
mentation can be srlmmRrized as: 
This *le- 
[Tracked Variable] = [ A c t u a l  Margin] + k [Pitch Attibide] 
[Monitored Variable] = [Actual Margin] 
where the actual margin i s  taken as the most c r i t i ca l  of applicable airspeed 
and angle of attack safety margin cr i te r ia  f r o m  Table 1 .  
It is  significant that the tracked variable was composed of a simple 
linear conibination of actual margin and pitch attitude. 
pernitted a direct tradeoff between ideal status information and easy con- 
t ro l lab i l i ty  depending upon the weighting factor, k. A single value of k 
was found t o  provide satisfactory compromises i n  the vasious tradeoffs shown 
previously i n  Fig. 3". 
This implementation 
The manner i n  which the two variables were displayed was important t o  
tke success of the system. 
S!CO:oi;AND Electronic Attitude Director Indicator (EADI) shown i n  Fig. 2. 
Safety -gin information was presented along the ver t ical  scale on the far 
left-hand side. 
The main hardware element of the display was the 
Figure 5. Overall EADI  Presentation. 
* This value amounted t o  IO$ safety margin change per degree pitch att i tude 
change where the nominal operating point was a t  1Ooqd aUowable safety 
margir,. 
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Details of the safety =gin system presentation are described i n  
Fig. 6. 
pointer, but that  the monitored variable i s  displayed as the distance between 
the moving pointer and a moving scale "floor." 
good relative emphasis on the two vmiables and did not confuse their  respec- 
t ive roles i n  the pilot 's  mind. 
Note that  the tracked variable is  displayed directly on the moving 
This configuration provided 
I 
Moving pcinter 
tracked by pilot 
4 actual 
tracking 
error. 
J 
margin 
monitored by pilot 
Figure 6 .  Details of Safety Margin System Display on W I .  
The study reported i n  this  paper was successful i n  evolving a useful 
The f l igh t  safety margin system and display for a powered-lift a i rcraf t .  
reference implementation found most effective involved a blend of the safety 
margin and a linear function of pitch attitude. 
(i) ai1 easily controlled variable, (ii) correct sensit ivity t o  gusts, (iii) 
a guide t o  correct control action for obtaining good safety margin performance, 
( i v )  acceptable performance i n  the presence of large atmospheric disturbances, 
and (v) the concept was relatively easily implemented. 
resulting from the use of this concept was a reduction i n  available f l igh t  
envelope i n  order t o  enhance certain contrc.Uability features 
operating point was approximately 5 knots f w t e r  than the m i n i m u m  approach 
speed permitted by applicable safety margin cr i ter ia .  ) 
mise was, however, controllable i n  a rational and predictable way by the 
f l i g h t  reference weighting coefficient. Finally, the results of  the study 
have provided the necessary groundwork for a fUght investigation. 
This concept provided 
The main compromise 
(The nominal 
The envelope compro- 
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SUMMARY 
Dur ing mid-air  r e t r i e v a l  o f  parachute packages, the  absence o f  a n a t u r a l  
A head-up d isp lay  (HUD) vas tested i n  an attempt t o  so lve t h i s  p r o b l w .  
hor izon creates ser ious d i f f i c u l t i e s  f o r  the p i l o t  o f  t h e  recovery he l icop-  
t e r .  
Both a r o l l - s t a b i l i z e d  HUD and a n o - r o l l  ( p i t c h  on ly )  HUD were tested. 
The r e s u l t s  show t h a t  fewer missed passes occured with the r o l l - s t a b i -  
The p i l o t s  a l s o  repor ted t h a t  the l i z e d  HUD when the hor izon was obscured. 
workload was g r e a t l y  reduced. R o l l - s t a b i l i z a t i o n  was requ i red  t o  prevent 
v e r t i g o  when f l y i n g  i n  the absence o f  a n a t u r a l  horizon. 
f o r  mid-air  r e t r i e v a l  should d isp lay  p i t c h ,  r o l l ,  s i d e s l i p ,  airspeed, and 
v e r t i c a l  ve loc i ty .  
Any HUD intended 
INTRODUCTION 
One o f  the most successful  ways t o  recover drones i s  the mid-air re -  
t r i e v a l  system (MARS). 
ployed from a descending drone p r i o r  t o  r e t r i e v a l .  
tem cons is ts  o f  an engagement parachute connected by a load l i n e  t o  the drone 
and a main parachute canopy support ing the  drone. 
signed t o  release when the load l i n e  from the drone t o ' t h e  engagement para- 
chute i s  under tension. 
t o  a break- t ie  a t  i t s  apex, then up t o  the  engagement parachute, 
Dur ing these recover ies,  a parachute system i s  de- 
A t y p i c a l  parachute sys- 
The main canopy i s  de- 
The loud l i n e  is routed up the  main canopy r i s e r s  
To recover the drone or other  ob ject ,  the  p i l o t  f l i e s  the  h e l i c o p t e r  t o  
approach the engagement parachute from the  s i d e  opposi te the load l i n e ,  
38 1 !i#QE%7E*TlWLLY BLANJK 
This l o c a t i o n  i s  shown by an aiming panel  on the  main canopy. 
has th ree  hooks r igged below i t  which catch l o a d  c a r r y i n g  members i n  the  en- 
gagement parachute. 
aboard the  he l i cop ter .  
ment, the apex t i e  releases, fo l lowed by main canopy separation, and the  
drone i s  c a r r i e d  by the  load l i n e  supported from the  he l i cop ter .  
shows the h e l i c o p t e r  and parachute system j u s t  p r i o r  t o  engagement. 
The h e l i c o p t e r  
These hooks are connected t o  an energy absorbing winch 
As the  load l i n e  absorbs the  tens ion a f t e r  engage- 
F igure 1 . 
Safe and consis tent  MARS operat ions depend on the p i l o t ' s  a b i l i t y  t o  
match the h e l i c o p t e r ' s  v e r t i c a l  v e l o c i t y  with the parachute's wh i le  c l o s i n g  
with the t o p  o f  the engagement parachute. A t  the same time, the h e l i c o p t e r  
must approach from a s p e c i f i c  d i r e c t i o n  t o  ensure t h a t  the  l o a d  l i n e  w i l l  n o t  
be p u l l e d  through the  main canopy. 
The p i l o t ' s  primary v i s u a l  cue i s  the al ignment o f  the  he l i cop ter ,  the 
top o f  the engagement parachute, and the horizon. 
by smoke, haze, or clouds, or if false hor izons are present, the p i l o t  has 
extreme d i f f i c u l t y  i n  judging his p o s i t i o n  r e l a t i v e  t o  the target .  
these circumstances, attempted recovery can be dangerous and f r u i t l e s s .  
If the hor izon i s  obscured 
Under 
Var ia t ions  i n  the s i z e  o f  the  parachute canopies can produce i l l u s i o n s  
o f  being t o o  h igh  or  t o o  low r e l a t i v e  t o  the engagement parachute. 
must a l low the canopy top  t o  pass beneath the fuselage as the h e l i c o p t e r  
c loses with t h e  engagement parachute. The apparent change i n  p o s i t i o n  from 
l e v e l  t o  approximately twelve f e e t  below the h e l i c o p t e r  can make engagement 
d i f f i c u l t  t o  judge. These v i s u a l  problems are compounded by the need f o r  
p rec ise  heading and r o l l  c o n t r o l  s ince any degree of uncoordinated f l i g h t  i s  
magnif ied i n  the pole p o s i t i o n .  
band (45 t o  60 knots) f o r  proper operat ion of the energy absorbing winch. 
i n g  tasks. The HUD i s  an outgrowth o f  the r e f l e c t i n g  gunsight and p r e s m t s  
f l i g h t  instrument data i n  the p i l o t ' s  f i e l d  of view as he looks a t  e x t e r n a l  
v i s u a l  cues. l o  date, HUDs have been app l ied  t o  two main arcas: weapons 
d e l i v e r y ( 1 )  and landing approach(2,3). - - A survey o f  HUD technology i s  a l s o  
availabler') . 
The p i l o t  
Airspeed must be maintained within a smal l  
The head-up d isp lay  has been used t o  a s s i s t  p i l o t s  dur ing  v i s u a l  t rack-  
HUDs serve t o  combine r e a l  wor ld  v i s u a l  cues with der ived data. These 
data sources are complementary. 
wor ld cues a r t i f i c i a l l y .  
mation t h a t  the p i l o t  cannot perce ive d i r e c t l y ,  or only  with great  d i f f i c u l t y .  
One must be careful ,  however, t o  ensure t h a t  bo th  data f i e l d s  are compatible. 
As Sing leton p o i n t s  out(?), there  i s  a bas ic  i n c o m p a t i b i l i t y  between the  
redundant, analogue data o f  the r e a l  wor ld and the symbolic, o f t e n  d i g i t a l  
data o f  a r t i f i c i a l  d isp lays.  
for c a r e f u l  a t t e n t i o n  t o  r e t a i n  proper balance, so t h a t  the proper d i s p l a y  
( r e a l  wor ld or a r t i f i c i a l  data) dominates. 
wor ld must dominate with the f l i g h t  instrument data p rov id ing  supplementary 
informat ion.  The r o l e s  reverse dur ing  instrument f l i g h t .  However, the HUD 
must no t  be such a compell ing s i g h t  t h a t  the p i l o t  f i x a t e s  on i t  t o  the ex- 
c l u s i o n  o f  the r e a l  world. 
andhasbeen repor ted elsewhere(2). These comments were v e r i f i e d  by conversa- 
I t  would be d i f f i c u l t  t o  reproduce the r e a l  
A t  the  same time, the  der ived data presents i n f o r -  
The problem i s  f u r t h e r  complicated by the need 
During v i s u a l  t rack ing,  the  r e a l  
This has d e f i n i t e  i m p l i c a t i o n s  on p i l o t  l e a r n i n g  
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t i ons  with HUD-qualified p i l o t s  p r i o r  t o  the development of the t e s t  p lan  
for th is study, as we l l  as during prel iminary HUD f l i g h t s .  
EQUIPMENT DESCRIPTION 
The pa r t i cu la r  HUD evaluated i n  t h i s  study i s  a modified electro-mechan- 
i c a l  u n i t  manufactured by Sundstrand Data Control. 
two p i l o t  display un i ts ,  a cont ro l  module, and a computer. The HUD was de- 
velo,sd from a commercial t:,ansport d isp lay known as the Visual Approach 
Monitor (VAM). The VAM presents p i t c h  and long i tud ina l  f l i g h t  patch i n f o r -  
mation t o  the p i l o t .  
vas designed t o  minimize the problems o f  judging f i n a l  approach path angles 
during v i sua l  approaches. 
Western A i r l i nes  i n  t h e i r  a r c t i c  support f l i g h t s ( 3 ) .  - 
uated i n  several m i l i t a r y  and c i v i l i a n  airplanes. 
The system consists o f  
No r o l l  or heading information i s  supplied. The VAM 
I t  i s  presently i n  operational use with P a c i f i c  
I t  has a lso been eval- 
R o l l  information i s  not  considered essent ia l  since the VAM was designed 
for use on f i n a l  approach i n  v isua l  condit ions only. Later VAMs incorporate 
an airspeed index showing dev iat ion from a reference speed. 
index shows deviat ion with a red S For slow, a yellow F for fast, and agreen 
0 f o r  correct airspeed. 
attack indexes on some m i l i t a r y  airplanes. 
A color-coded 
This peripheral cue i s  s i m i l i a r  t o  the angle-of- 
The L igh t  Line i s  a fu r the r  development of the basic VAM display. De- 
veloped under support from the AFFDL, the L igh t  Line presents both p i t c h  and 
r o l l  information as we l l  as a f l i g h t  path angle d isp lay appearing as a beam 
o f  l i g h t  emanating from the airplane t o  the projected impact po int .  
display was evaluated as an approach a i d  i n  USAF 1-38 airplanes a t  the In- 
strument F l i g h t  Center(6). - 
This 
The HUD used i n  t h i s  study i s  a fu r ther  development o f  the VAM/Light 
Line displays. 
i z a t i o n  would be required. Therefore a r o l l h o - r o l l  opt ion was provided 
through a r o l l  cut-out switch. 
airspeed index, and a " b a l l  bank" ind ica tor  showed s ides l i p  information. 
Figure 2 shows the symbology o f  the t e s t  M ? . S  HUD. 
A t  the s t a r t  o f  the proc,-am, i t  was not c lear  i f  r o l l - s t a b i l -  
Airspeed data vas provided with a VAM-type 
SCOPE OF EXPERIMENT 
The ove ra l l  purpose o f  t h i s  program was t o  determine whether a HUD w i l l  
ass is t  the p i l o t  o f  a MARS he l icopter  with recoveries i n  low v i s i b i l i t y  con- 
d i t i ons  and w i l l  also enhance t ra in ing  and standardization. The experimen- 
t a l  ob ject ive was t o  determine whether a n o - r o l l  presentation i s  acceptable 
for MARS operations. If not, is a r o l l - s t a b i l i z e d  horizon bar acceptable? 
Specif ic questions t o  be answered were: ( 1 )  What changes i n  MARS performance 
(prec is ion and smoothness of cont ro l ,  airspeed contro l ,  and maintenance o f  
the s igh t  p ic tu re)  are a t t r i bu ted  t o  the HUD? 
chonye induced by the HUD? 
(2)  What i s  the p i l o t  workload 
( 3 )  What are p i l o t  preferences for ,  and p o t e n t i a l  
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operational problems associat.ed with r o l l - s t a b i l i z e d  and non- ro l l -s tab i l i zed  
HUD formats? and (4) What changes i n  HUD format, data, or procediires w i l l  
help improve MARS performance? 
The evaluation was o r i g i n a l l y  planned t o  be conducted i n  two phases,both 
t o  be flown from Davis-Monthan AFB, Arizona, i n  v isua l  f l i g h t  conditions. 
Phase I was t o  be flown using 80 l b  weights with modified personnel para- 
chutes (TWs) as targets. 
anced experiment was designed using the two HUD presentations ( ro l l - s tab i -  
l i z e d  - RH, and n o - r o l l  - NR) and a no HUD con t ro l  (NH). 
was arranged t o  y i e l d  use fu l  data with as few as four subjectsand s i x s o r t i e s ,  
although the planned numbers were s i x  subject p i l o t s  and ten sor t ies.  
Actual engagement was no t  planned. A counterbal- 
The experiment 
Phase 11 was t o  fo l low and consist o f  two MARS recoveries o f  1800 l b  
dummy vehicles (DVs) with tandem parachutes (main and engagement parachute 
system described above). 
Phase I which used s ing le parachutes as targets  with no recoveries. 
Phase I ,  the advantages o f  the tIUD were so obvious tha t  Phase I was cu r ta i l ed  
a t  the minimum allowed i n  the  experimental design. 
include a t h i r t y  day operational evaluation a t  an operating loca t ion  (OL). 
During th is evaluation, eighteen operational drones were recovered using 
the HUD. 
This phase was intended t o  va l idate the resu l t s  o f  
During 
Phase I1  was expanded t o  
PHASE I :  INITIAL TESTING 
Each subject p i l o t  f low on one or tuo sor t ies.  A s o r t i e  consisted o f  
approximately t h i r t y  minutes o f  f am i l i a r i za t i on  with the HUD, followed by up 
t o  twelve simulated MARS passes to TWs. A l l  three IiUD configurations were 
used on a given sor t ie :  RH,  NR, and NH. The order was var ied t o  minimize the 
e f f e c t  o f  learning. Each subject p i l o t  completed a prc-experiment question- 
naire, r a t i n y  cards a f t e r  each ser ies o f  passes, a pos t - f l i gh t  questionnaire, 
and a post-experiment questionnaire. 
card a f t e r  each pass. 
The safety p i l o t  completed a r a t i n g  
A t o t a l  o f  s i x  so r t i es  were flown using four subject: p i l o t s .  
A l l  p i l o t s  were CH-3 i ns t ruc ta r  p i l o t s .  
A l l  four 
subjects were w e l l  qua l i f i ed  i n  CH-3 MARS operations. CH-3 f l y i n g  experience 
ranged from 800 t o  1800 hours with a t o t a l  f l y i n g  experience range o f  2500 
t o  2950 hours. The safety p i l o t s  
were a lso CH-3 ins t ruc to r  p i l o t s .  One o f  the subjocts a lso served as a safe- 
t y  p i l o t  a f t e r  he completed h i s  f l i g h t s  as a subject. None o f  the p i l o t s  had 
flown any HUD-equipped a i r c r a f t  p r i o r  t o  t h i s  evaluation. 
Pre-experiment auest ionnaire 
In  addi t ion t o  establ ish ing the subjects' qua l i t i ca t ions ,  the question- 
ne i re  asked fo r  t h e i r  assessment of the MARS mission. Counting the safety 
p i l o t  and the cop i lu t  on one Phase I 1  DV recovery, s i x  quostionnaires were 
completed. The consensus was tha t  the most s i g n i f i c a n t  v i sua l  problem was 
deterriiining the pos i t ion  r e l a t i v e  t o  the engagement parachutc in  the absence 
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of a natural  horizon. 
t ioning from keeping the parachute on the horizon t o  passing over the canopy 
j u s t  pr ior  t o  engagement. 
important i n  a MARS HUD, but not essent ia l .  
desirable,  and one p i lo t  had a neut ra l  opinion. 
The p i l o t s  a l so  commenteci on the d i f f i cu l ty  of t rans i -  
Two p i l o t s  f e l t  t ha t  r o l l  information would be very 
Three f e l t  tha t  it would be 
Subjective Workload 
There was no major change i n  overal l  subjective workload as reported by 
Roll was reported t o  be eas ie r  with the R H  conFigura- 
the  p i lo t s .  
HUD than with no HUD. 
tion than w i t h  the NR HUD. Table I shows the data. 
However, s ides l ip  vas perceived a s  eas i e r  t o  control  with e i the r  
Need for  Additional Data 
'The p i l o t s  a l l  felt a need t o  come "inside" f o r  more data than was shown 
on the ttUD. A l l  reported a need for  airspeed u n t i l  they adapted to t h e  a i r -  
speed indexes. A l l  required ve r t i ca l  velocity data.  Most required s ides l ip  
information v i t h  NH, but e i the r  HUD provided t h i s  da ta  t o  the p i l o t s '  s a t i s -  
faction. Roll and pi tch data wexe required in the  absence of  a HUD by some 
p i l o t s ;  t h e  RH configuration eliminated the need t o  come inside for e i ther .  
One p i lo t  f e l t  a need fo r  torque or RPM. 
The need fo r  additional data  is summarized i n  Table 11. The HW) was f e l t  
t o  be useful only during f i n a l  approaches since t h e  horizon bar was displaced 
beyond the limits o f  t h e  combiner g l a s s  during the t u r n s  t o  f i n a l  approach. 
No focus or visual conf l ic t  was reported. Two p i l o t s  reported d i f f i cu l ty  
with the airspeed cue. 
view o f  the  parachute a8 i t  passed beneath the helicopter.  
Comments were also mode a b w t  the HUD blocking the 
Performance 
Under t h e  oxcellent v i s i b i l i t y  conditions present a t  Davis-Monthan AfB, 
there was no difference in  the  miss r a t e s  (reported by the  safety p i l o t  or 
by the pole operator) between the RH and the  Nli configurations. 
mias rates of 22% (4 misses i n  18 passes). 
tha miss ra ta  t o  increase t o  28% (4 misses i n  14 passes). 
t ically s ignif icant  . 
Both had 
This i s  not statis- 
Ihe absence of roll  data causes 
Concorn Over High or Law Passes 
The p i l o t s  were generally less concerned over high or low passes with tho 
HUD than without. One pi lot  c a m n t e d  tha t  while he was less concerned i n  
general, the loas  of  sight  of the parachute on short Final (blocked by the HUD 
hardware) did bother him. (Note: t h i s  subject p i lo t  a l so  flew a6 a safety 
pilat end as a subject p i lo t  during Phase 11 and f e l t  t ha t  it was not a prob- 
lem after adaptation.) Either HUB configuration caused the "hits" to bs con- 
centrated at the pole t ips .  
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Other Comments 
Additional comments were made. Significant comments (paraphrased) are: 
(1) Airspeed too f a r  from center (3 subjects) ,  (2)  Display should be moved 
closer to p i l o t  (3 subjects) ,  (3) HUD would help t ra in ing  by providing a com- 
mon s ight  picture  t o  ins t ruc tor  and student ( 3  subjects) ,  (4) Practice time 
vas too l imited (3 subjects)  and the learning curve was slow for airspeed con- 
t ro l  (1 subject) ,  and (5) The horizon l i n e  should be made more intense than 
t h e  aiming V (1 subject) ,  
PHASE 11: OPERATIONAL EVALUATION 
Follouing the decision t o  conduct an operational evaluation a t  the OL, 
t he  two p i l o t s  chosen to  f l y  the  evaluation each flew a t.raininq s o r t i e s  con- 
s i s t i n g  of  practice MARS approaches to  two Tbls, followed by a s o r t i e s  with an 
actual  recovery ofan1OOOlbDV. The two p i l o t s  were already experienced with 
the HUD, having flown os safety p i l o t s  i n  Phase I (one also flew a s  the first 
subject 1. 
The HUD was removed from the  helicopter used for Phase I and for the  four 
so r t i e s  described above, I t  was then taken t o  the OL and ina ta l lad  i n  another 
CH-3. Eighteen operational recoveries were made a t  the OL during tho month of 
Apr i l  1975, 
though the  NR mode was br ie f ly  evaluated during other f ly ing  in  the haze can- 
di t ions  prevalent a t  the OL. 
Only t h e  RH display vas used for recoveries during t h i s  phase, al- 
Both BV recoveries at  Davis-Monthan AFB were made on the f i r s t  pass. 
the eighteon HUO-assisted engagements a t  the OL,  s ixteen were made on the 
f i r s t  pass*, one on the second, and one u17 the th i rd  pass. 
na-HUD recovery (4th pass) because of excessive display vibration. The miss 
r a t e  using the HUB vir5 14% (per pass). 
Of 
One mission had a 
Benefit of HUD 
The second operational sortie t yp i f i e s  the benefi t  of  t h e  HllB. On t h i s  
so r t i e ,  t h e  load l i n e  break-ties had separated from the  main canopy resu l t ing  
i n  the engagement parachute lying over and remaining a t  the same alt i tude 98 
the  main canopy, GIith the horizon obscured by ham, rain, and clouds, the  HUB 
allowed a successful recovery on the  firtit pesa, The p i lo t a  f e l t  that  i n  the 
absence of a HUD, there wwld have Seen multiple missed passes and vary likely 
a l o s t  drone. 
The p i l o t s  f e l t  that pilot workload vas much lowar with the HUD. 
Viouol I l lus ions  
Both p i lo to  coarnnted on on i l l u s ion  during passes with the HW i n  mar- 
ginal weathor. 
engagement parachute, but tho HUD showed them to  be high. Confidence i n  the 
lhoy had the i l l u s ion  of being correctly l ined up with the 
__. 
Counting ale tear-wt as a succeosful pass 
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HW) from t h e i r  experience i n  Arizona allowed them t o  use the HUD t o  correct 
the i r  f l i g h t  paths and make consistent catches. 
Need for Roll-Stabil ization 
The HUD proved to be highly sa t i s fac tory  under adverse ueather conditions 
with ro l l - s tab i l iza t ion ;  but without r o l l  a serious problem was encountered. 
Both pilots f e l t  tha t  manuevering i n  haze induced vertigo. 
tha t  ro l l - s tab i l iza t ion  was an e s sen t i a l  requircmsnt for use i n  reduced g i s i -  
b i l i t y  . 
They considered 
DISCUSSION 
Operational Effectivenesa 
[here vera 77 MARS passes during the evaluation. Of these, f i f t y  passea 
were mado t o  80 l b  IWs and succesd fo i lu re  was estimated by the  safety p i l o t  
or pole operator. 
drones with success being defined a s  an engagement (or e tear-out).  
77 t o t a l  passes, twenty-five were made during drone recoveries I n  haze a t  t h e  
QL. l h e  remerining passes (TO TWs and 2 RVc) were made i n  yood weather i n  
Arizona, 
Tho remaining 27 passos were made t o  DVs or  t o  actual  
Of the 
We iwst fur ther  separate the data i n t u  learning and nteady-state perform- 
To do t h i s ,  we shell c l a s s i fy  a l l  no-tIU0 passes as eteady-state s ince ance. 
a l l  subjects were considered t o  be highly qtiallf ied by kheir organizations. 
A l l  Phase I passes with e i the r  HUD should be considered as learning passes. 
The actual rccovarien mada using the ro l l - s tab i l ized  HUD, both RVs and opera- 
t iona l  drones, can be classed a s  steady-state porformonca. Thus we hove 32 
learning passes arid 45 steady-state performance passes. 
Pha performarwe comparison between the two HW) versions can onlv be based 
on the learning data. 
miss r a t t a  is not s ign i f icant .  
Because of ths small sample size, ttw d i f f s r e n x  i n  
To compare the performance sf the RH and the no-ItUD baseline,  we muat use 
staady-state perfornianco and, us a result, equate the d i f f i cu l ty  of making 
passes t o  TWs and to  tandem parachutes, atthough t b  motion of  tlw, tandem 
perachtrtrs system makoc actual  rocoveriss harder. Likewise, WB muat. equate ttm 
d i f f i cu l ty  of operating i n  Arizona i n  goad v i s i b i l i t y  t o  the d i f f i cu l ty  o f  
operating at the OL i n  haze and emoke. 
t o  TWs a t  R a v i s - h t h m  AFD, these aaaumptiano arb b a v i l y  weightad against  
the, W .  
Since tha NH passes were most ly  mods 
Ncvarthuless, the miss rutas were mch lower with ttw tW (3  misses i n  
23 pr~ssea or  1.3%) than wittwt the tiw (32% missed). Again the l imited data 
precludae a i y  a t a t i s t i c a l  test (x2=2.29 ,  dfzl, 0 . Z ; r p O . l ) .  Howv0r, i n  viaw 
of thc heavily biassed test conditions, t h i s  difference i n  miss ra t e s  should 
be considered valid. 
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Mission Success Hate 
‘To convert  from miss rate (i. e., f r a c t i o n  of pas ses  missed) t o  mission 
success rate ( i .  e , ,  f r a c t i o n  of drones recovered) ,  we use t h e  familiar par- 
a l l e l  redundancy formula: 
MISSION SUCCESS R A l E  = 1 - (MISS RATE)” 
where n is t h e  number of pas ses  p o s s i b l e  befor2 t h e  drone is t o o . 1 0 ~  f o r  a 
safe pa’ss. 
rates. 
s t eady- s t a t e  performance i n  99.876 of a l l  drones recovzred. 
base l ine  (no HUD) performance is 96.806. 
With a t y p i c a l  value of n = 3, we can compute t h e  mission success  
For t h e  r o l l  HUD, t h e  l e a r n i n g  curve performance is 98.9% and t h e  
The ste,dy-state 
Again, t h e  assumptions favor  t h e  no HUD case. If we look a t  t h e  one 
s o r t i e  where t h e  HUD malfunctioned (3  misses ou t  of  f o u r  p a s s e s ) ,  t h e  co r re s -  
ponding mission success rate for  no HUD i n  haze would be 58%. This f i g u r e  
is consistent.  with z i s s i o n  recovery r3tes of less than f i f t y  percent which 
have been reported i n  no-horizon cond i t ions .  
F l i g h t  Sa fe ty  
The primary hazard during MARS opera t ions  is c o l l i s i o n  with t h e  para- 
Thute. During Phase I ,  i t  was no t i ced  t h a t  t h e  s u c c e s s f u l  pas ses  with theHUD 
were concentrated a t  t h e  pole  t i p s .  This e f f e c t  is  probably t h e  result o f t h e  
aiming V helping t h e  p i l o t  t o  make a smooth t r a n s i t i o n  t o  al low t h e  parachute  
t o  pass  beneath the  h e l i c o p t e r  i n t o  t h e  engagement window. While t h i s  e f f e c t  
was onl:] no t i ced  with passes  t o  T W s ,  i t  w i l l  undoubtedly reduce t h e  number of 
nose or b e l l y  s l a p s  during t r a i n i n g  and c e r t a i n l y  minimize t h e  r i s k  o f  a ca- 
t a s t r o p h i c  c o l l i s i o n .  I t  is not ciear whether t h e  aiming V should be adjus-  
t a b l e  t o  accommodiate d i f f e r e n t  s i z e  parachutes.  
divided and no tests were conducted. 
The p i l o t  op in ions  were 
While no p a r t i c u l a r  problems with t h e  no - ro l l  HUD were noted during 
f l i g h t s  i n  good weather, t h e  p i l o t s  a t  t h e  OL d i d  r e p o r t  a s t r o n g  tendency 
toward v e r t i g o  when f l y i n g  t h e  no - ro l l  HUD i n  r e s t r i c t e d  v i s i b i l i t y .  This 
r e p r e s e n t s  an unacceptable hazard. 
One s o r t i e  was cance l l ed  because of i n v a l i d  pit.ch d a t a  on one HUD. This 
can be a s e r i o u s  hazard i n  instrument weather c o n d i t i o n s  o r  i f  t h e  horizon is 
not  v i s i b l e .  
strument comparator t o  warn a g a i n s t  i n v a l i d  da t a .  
dures  must  be developed t o  ensure t h a t  d i sc repanc ie s  are noted. 
w i l l  be d i f f i c u l t  f o r  t h e  non-flying p i l o t  t o  crosscheck h i s  HUD with h i s  
panel instruments.  
Ser ious cons ide ra t ion  should be given t o  inco rpora t ing  an in -  
F a i l i n g  t h i s ,  crew proce- 
However, it 
Displayed Data Requirements 
The b a s i c  MAHS HUD was intended t o  d i s p l a y  p i t c h ,  s i d e s l i p ,  and a i r speed  
with an op t iona l  roll d i sp lay .  
needed f o r  MARS. 
engaqcments, they were a l s o  included. 
The p i t c h  d i s p l a y  vas t h e  primary d i s p l a y  
Since s i d e s l i p  and a i r speed  were c r i t i ca l  f o r  successful 
Part o f  t h e  experimental  design was t o  
388 
evaluate the need f o r  r o l l .  
p i l o t  dur ing  the  t r a n s i t i o n  just  p r i o r  t o  engagement. 
p i l o t  comments suggested t h a t  v e r t i c a l  v e l o c i t y  data be added. 
The HUD a l s o  inc luded an aiming V t o  a s s i s t  the  
Dur ing the  evaluat ion,  
I__ Pitch. Lack o f  adequate p i t c h  cues from t h e  hor izon  was the  o r i g i n a l  
reason f o r  the  HUD, We can, therefore,  presume t h a t  p i tch  i s  a requirement 
for a MARS HUD. However, with a p i t c h  malfunct ion,  the  airspeed, s i d e s l i p ,  
and v e r t i c a l  v e l o c i t y  data would s t i l l  be usefu l .  
on ly  ex t ingu ish  the  p i t c h  and r o l l  d isp lays  (and thc  aiming V )  . P i t c h  f a i l u r e ,  then, need 
- R o l l .  R o l l  can be considered a requirement p r i l n a r i l y  as a v e r t i g o  
Airspeed, No t e s t  wi thout  airspeed was conducted. We conclude from 
avoiding measure, R o l l  f a i l u r e  must ex t ingu ish  the p i t c h  and r o l l  d isp lays.  
p i l o t  comments t h a t  i t  i s  required. 
the speed indexes, 
Airspeed f a i l u r e  need on ly  e x t i n g u i s h  
While the use o f  the three symbol airspeed d i s p l a y  i s  adequate f o r  de- 
termin ing bo th  the a c t u a l  airspeed and trends, some l e a r n i n g  over and above 
the normal HUD f a m i l i a r i z a t i o n  seems t o  be needed. 
S ides l ip .  Likewise, no s p e c i f i c  evaluat ion o f  a no-s ides l ip  HUD was 
done. Based on p i l o t  comments, we conclude t h a t  i t  i s  a requirement. The 
o r i g i n a l  b a l l  bank d i s p l a y  was too hard t o  read f o r  smal l  s i d e s l i p  angles. 
As a r e s u l t ,  the opaque b a l l  was changed t o  a t r i a n g u l a r  shaped s i d e s l i p  in- 
dex. The d isp lay,  as modif ied, is adequate f o r  the  MARS mission. Bad side- 
s l i p  data need on ly  ex t ingu ish  the b a l l  bank d isp lay,  
-c Vert , ical  Veloci ty! .  The o r i g i n a l  d i s p l a y  had no v e r t i c a l  v e l o c i t y  data. 
However, the m a j o r i t y  of the  p i l o t  comments i n d i c a t e d  a need f o r  such data. 
The reason for t h i s  can be found i n  the  A i r  Force handbook on instrument f l y -  
i n g ( l ) .  This approach d i v i d e s  the f l i g h t  instruments i n t o  c o n t r o l  and per-  
formance instruments. The p i l o t  makes h is  c o n t r o l  i n p u t s  be reference t o  th? 
c o n t r o l  instruments (such as AD1 or  power/thrust) and monitors the a i r c r a f t ' s  
response by reference t o  the performance instruments (airspeed, heading, or 
v e r t i c a l  v e l o c i t y ) .  
The MARS p i l o t s ,  having made a p i t c h  or power c o r r e c t i o n  t o  f l y  up or 
down re la t . i ve  t o  the  parachute, f e l t  the absence o f  a v e r t i c a l  performance 
instrument t o  monitor t h e i r  correct ions.  
v e l o c i t y  data, 
strument , 
s u f f i c i e n t .  
This exp la ins  the  need f o r  v e r t i c a l  
Apparently, they f e l t  ab le t o  do wi thout  a power c a n t r o l  in- 
Perhaps, k i n e s t h e t i c  feedback froin the c o l l e c t i v e  p o s i t i o n  was 
One p i l o t  d i d  comment on the absence o f  torque or RPM data. 
During the recovery a f t e r  engagement, the p i l o t  must, a t  maximum torque, 
t rade a l t i t u d e  fo r  airspeed. 
data is a l s o  needed. 
maximum torque from the RPM droop. 
product ion MARS HUD incorporates a v e r t i c a l  v e l o c i t y  d isp lay .  
p i l o t  comments t o  th is a d d i t i o n  were favorable. 
Dur ing th is  t r a n s i t i o n ,  the v e r t i c a l  v e l o c i t y  
As a r e s u l t  o f  these observations, the 
Pre l iminary 
A torque d isp lay  i s  no t  needed s ince the p i l o t  can sense 
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Aiming V .  The aiming V was commented on f avorab ly  by t h e  s u b j e c t  p i l o t s .  
However, no concensus could be reached on t h e  need f o r  d i f f e r e n t  Vs for d i f -  
f e r e n t  s i z e d  parachute canopies.  
Modified Display. 
symbology was changed f o r  t h e  production MARS HUD hardware. 
format i t  shown i n  Figure 3. 
As a result o f  t h e  t e s t i n g  and p i l o t  comments, t h e  
The r e v i s e d  
CONCLUSIONS 
The HUD system (with r a l l )  w i l l  enhance MARS performance du r ing  p e r i o d s  
of reduced v i s i b i l i t y .  
t h e  pas ses  above t h e  t a r g e t  parachute  t o  be higher  - reducing t h e  chances of 
t h e  h e l i c o p t e r ’ s  s t r i k i n g  t h e  parachute.  Ro l l  s t a b i l i z a t i o n  is a safety-of-  
f l i g h t  requirement t o  avoid v e r t i g o  i n  no-horizon weather cond i t ions .  Roll-  
s t a b i l i z a t i o n  appeared t o  improve performance over t h e  no - ro l l  c a s e ;  however 
i n s u f f i e n t  d a t a  was a v a i l a b l e  f o r  a s t a t i s t i ca l ly  v a l i d  test .  
I t  w i l l  a l s o  enhance safety dur ing  t r a i n i n g  by caus ing  
P i l o t  workload is much lower when us ing  t h e  HUD. Training to  use theHUD 
should r e q u i r e  p r a c t i c e  passes  t o  2-4 t r a i n i n g  weights,  assuming a MARS-quali- 
f i e d  p i l o t .  
r e q u i r e  a d d i t i o n a l  time. The a i r speed  l e a r n i n g  curve seems t o  be q u i t e  var- 
i a b l e  from p i l o t  t o  p i l o t .  
The a b i l i t y  t o  make f u l l  u se  o f  t h e  a i r speed  cue on t h e  HUD may 
The MARS HUD should d i s p l a y  p i t c h ,  r o l l ,  s i d e s l i p ,  a i r s p e e d ,  and vertical 
A r e l i a b l e  s e l f - t e s t  circuit is h igh ly  d e s i r a b l e .  The horizon v e l o c i t y  da t a .  
l i n e  should be more d i s t i n c t  than t h e  aiming V.  
Uhile t h e  HUD should enhance crew t r a i n i n g  and s t anda rd iza t io r i  as wellas 
mission performance, ope ra t iona l  f l i g h t  procedures should be reviewed s h o r t l y  
a f t e r  f l e e t  use begins.  
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ORIGINAL PAGE: IS 
OF -Y 
AIPROACH AND PASS 
APPROACH 
SIGHT PICTURE - ESTABLISHED 
A I W E E O  - %KNOTS IAS IDESIREDI 
RATE OF DESCENT - AS REUJIAED 
HEADING - ADJlJST FOR LOAD LINE 
RANGE *'A! 
MARGINAL 
WHITE KEYHOLE AIMING PANEL 
WIiITE KEYHOLE AIMING PANEL 
\ 
" I  / -i- ' 
Figure 1 
Helicopter Approach and Pass 
(From Reference 8 )  
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R o l l  Pointer and Index 
Horizon Line 
F 
0 
S 
/’ Airspeed 
Aiming V ’ 
Sideslip 
Figure 2 
MARS HUD Display Format 
(As Tested) 
Horizon Line -- 
.. -. 
Airspeed 6 ---/71--- I Pi tch  Cues .--.. 
F 
0 
Vert i c e 1  
Velocity 
Figure 3 
Revised Oisplay Format 
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ABSTRACT 
The effects of display and control parameters on approach 
performance of a simulatgd Terminal Configured Vehicle (TCV) were 
explored experimentally in a manned simulation study and analyti- 
cally using a state-of-the-art Dilot/vehicle model. A revised 
treatment of nonrandom inputs was incorporated in the model. Res- 
ponse behavior was observed for two display confiqurations (a 
pictorial EADX presentation and a fliuht-director configuration 
requiring use of a panel-mounted airspeed indicator), two control 
configurations (attitude and velocitv control wheel steering) 
and two shear environments, each of which contained a head-to-tail 
shear and a vertical component. 
In general, performance trends predicted hv the model were 
confirmed experimentally. Exnewimental and analvtical results 
both indicated superiority of the EADI displav with respect to 
regulation of heiqht and airsneed errors. 
allowed tighter regulation of heiaht errors, but control Param- 
eters had little influence on airspeed regulation. Model analysis 
indicated that display-related differences could be ascribed to 
differences in the quality of sneed-related information provided 
by the two displays. 
Tlelocity steering 
*This research was supported by the National Aeronautics and 
Space administration under contract No. YASl-13842, 
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INTRODUCTION 
Windshear constitutes one of the major threats to flight 
safety in approach and landing operations. This threat is enhanced 
not only by the potential severity of the shear (defined as a 
wind whose velocity changes with altitude), but also by the ten- 
dency of the shear profile to change rapidly over time. This lack 
of predictability has led to the need for control and display aids 
to help pilots better cope with the presence of windshears. 
This paper summarizes the second phase o f  a proqram to analyze 
display-control configurations for the Terminal Configured Vehicle 
(TCV). 
and was intended to augment a simulation study conducted there. 
This work was performed for NASA Langley Research Center 
The first phase of this study exr)lored the effects of certain 
control and display configurations on approach performance in a 
zero-mean, random turbulence environment. The LPC simulation was 
augmented by an analytic study per€ormed at Bolt Beranek and 
Newman Inc. using the "optimal-control" pilot/vehicle model to 
explore both perEormance and workload differences among control/ 
display configurations of interest. The reader is assumed to be 
familiar with the features of this model, which has been well 
documented in the literature. Frequent reference is made below 
to the report by Levisan and Baron [l] which documents the results 
of the first study nhase and which demonstrates amlication of the 
pilot model to analysis of TCV aDDroach Performance. 
Approach perfarmance of a ?CV in Windshear environments was 
studied in the second study phase, with control and display con- 
figuration (along with windshear profile) the major variables of 
interest. The existing pilot/vehicle model was modified to allow 
a revised treatment of nonrandom inputs; because the longitudinal 
and vertical comgonents of the shear have greatest impact on path 
and airspeed regulation, only longitudinal-axis performance was 
explored in the analytic study. The results of the windshear 
study are documented in [ 2 ] .  
PROBLEM DEFINITION 
- Description of the Flight Task 
The flight task o f  interest was the standard straight-in (3 
degree) approach of a simulated TCV. The simulated atmospheric 
environment contained low-level zera-mean gusts plus a wind shear 
consisting of a rotating horizontal component and a brief inter- 
lude of either an updraft or a downdraft. 
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Speed and flight Path were controlled manuallv. Fliqht-path 
control was aided by one of the following control augmentation 
schemes: "Attitude Control Wheel Steering (ACWS) or "Velocity 
Control Wheel Steering" (VCWS). Basically, these modes provide 
attitude-rate stabilization and allow the pilot, in effect, to 
command either atti'tude (ACWS) or path angle (VCWSI. A more 
detailed description of control wheel steexinq is given in Levison 
and Baron 111. 
the track-hold feature of the CWS was approximated by continuous 
linear feedback law as shown in FLgure 1, 
Tn order to use the existing man-machine model, 
Displays 
Flight control information was provided Primarily by an 
electronic attitude/director indicator (EADI). Two display con- 
fi'gurations were considered: (11 "advanced" display, which pre- 
sented information In an rntegrated (Dictoriall format, and (2) 
the flight director display, which provided director information 
based on path, path angle, and attitude errors. 
information !aa diagrammed in Figure 2 ) :  (a) an aircraft symbol 
to serve as x-axis airframe reference, (h) an artificial horizon 
and pitch attitude scale, (c) a roll attitude scale and pointer, 
(d )  a pair of so-called "gamma wedges" to indicate path angle, 
(el a dashed line to indicate a point 3 degrees below the horizon, 
( f )  a perspective runway symbol, (9) an extended runway center 
line to aid in lineur, regulation, (h) a symbol to indicate track 
angle, (i) a glideslope indicator, (j) a localizer indicator, and 
(kl a so-called "potential gamma'' symbol to provide infomation 
pertaining to speed management. 
Endentical to the advanced display described in [lJ, to which the 
reader is referred for additional details on the structure and 
use of this display. 
change of vehicle velocity was used to drive the potential gamma 
symbol, relative to the gamma wedge, in the vertical dimension. 
play plus director information. 
mation, glideslape and localizer errors in symbo1.i~ format, and 
director information. 
conventional panel meters. Persnective runway, gamma wedges, and 
potential gamma were omitted from the EADI in this display con- 
figuration. 
The advanced display provided the following flight-control 
Except for the potential gamma symbol, this display was 
A weighted sum o f  airmeed error and rate o€ 
The "flight director display" consisted of a raw status dis- 
The EADI orovided attitude infor- 
Airspeed and rate-of-climb were displayed by 
Director information was Provided with a Dair of crossbars 
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Figure 1. CinQar Approximation to Control. Wheel Steering 
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Figure 2. Sketch of t h e  EAR1 Display 
( D i ~ p h y  elements defined i n  the t e x t )  
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that deviated from the x-axis reference symbol in a "fly-to" mode. 
The director indicator was driven by a weighted sum of height, 
path angle, and pitch-rate errors as described in I 2 I .  
Wind Environment 
_I
Wind shears as well as zero-mean random gusts were simulated 
in the NASA-LRC experiments. In order to simplify problem for- 
mulation and reduce computational requirewmts, the effects of 
these simulated gusts were apwoximated in the bulk of the made1 
analysis by incl.uding wide-band disturbances added in parallel 
with t h e  control deflections. 
conducted to select disturbance levels that would qive nearly the 
same predicted path and airspeed errors as would be obtained from 
a more faithful representation o f  the simulated gust inauts 121. 
Preliminary model analysis was 
Each of the simulated windshears used in the  experimental 
and analytical study contained a rotatinq horizontal component 
p l u s  a brief vertical component. Fiqure 3 shows the relationshir, 
between wind speed and range far Doints along the nomina: 3 degree 
glide path for two of these shears.* (Note that the horizontal 
and vertical wind components have been scaled differently in this 
figure. ) 
VETHODS 
Model Analysis ~ 
The mods1 employed in this study was basically the so-called 
"optimal-control model" described extensively in the literature, 
modified to treat non-zero-mean t i . a . ,  deterministic) inputs. As 
the  treatment of t h e  deterministic input (i.@., the windsheax) 
was different from that used in previous studies (3-51, a brief 
discussion of this treatment is given below. A more detailed 
exposition of this aspect of the uilot model is given in the an- 
pendix to f 2 l .  
Modeling the  pilot's response to a deterministic input in-  
volves two basic considerations: (1) the deqwee to which the 
%ince windarsaed is an explicit function o f  altitude, rather than 
range, deviation of the aircraft from the desired g l i d s  oath 
would modify somewhat the  range dependency shown in Figure 3. 
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pilot understands the nature of the input (i.e., his "internal 
model"), and ( 2 )  the way in which the pilot detects and responds 
to the input. 
the windshear was adopted for the study; basically, we assumed no 
specific knowledge of the shear, only the knowledge that a non- 
zero-mean wind might exist. We assumed that the pilot would not 
gry to anticipate changes in the wind, but would, at best, attempt 
to estimate the current wind vector. This level of pilot knowl- 
edge was modeled by simply imnlementinq a stepwise-constant repre- 
sentation of the wind. 
with time, an integration time step of 1 second was sufficiently 
fine to allow an adeuuate representation of the continuously- 
varying wind speed. 
A simple representation of the pilot's knowledge of 
Since the wind varied relatively slowly 
The pilot/vehicle model was modified to reflect the €allowing 
assumptions concerning pilot behavior in a non-zero-mean input 
environment: 
a. 
b. 
C. 
The pilot continuously anticipates the behavior of 
the display variables he is utilizinq, given his 
current estimates of system states and his internal 
model of system parameters. 
The pilot performs a short-term average on the 
difference between expected and actual behavior 
of each display variable. 
If average prediction error is sufficiently large 
with respect to the variability of this error, 
the pilot becomes additionally uncertain about 
his estimates of system state variables, and he 
attempts to upgrade these estimates. 
Implementing this set of assumptions led to the following 
additional pilot-related model parameters: (1) the short-term 
averaging time, (2) the magnitude of the prediction error con- 
sidered large enough to warrant special action, and ( 3 )  specific 
state variables to which the pilot attributes his uncertainty. 
In addition, an algorithm had to be formulated for relating 
prediction errors to increased uncertainty. 
Model predictions were obtained with the assumptions that 
(1) predictio., errors were averaged over about two secondG, (2) 
an average.deviatLon of two stendard deviations from the expected 
--slue warranted special consideration by the pilot, and ( 3 )  uncer- 
tainty could be associated with any of the ni-incipal state vari- 
ables, including the state variables representing the horizontal 
and vertical shear components. 
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To obtaina model solution it was necessary to describe the 
task environment in a suitable mathematical format and to assign 
values to model parameters related to pilot limitations. System 
dynamics were modeled as described in [ l l ,  with the modification 
indicated in Figure 1 of this paper to account for control wheel 
steering augmentation. 
The pilot was assumed to adopt a control strategy that mini- 
mizes a weighted sum of mean-squared resBonse variables. In 
this study, the "cost function" included height error, sinkrate 
error, airspeed error, angle-of-attack error, control deflectisn, 
and rate-of-change of control deflection. Because the results 
of the previous study suggested that pilots tended to regulate 
height error in terms of an angular, rather than a lineax, cir- 
terion, weightings associated with height and sinkrate errors 
were varied inversely with range. Weightings for other variables 
were kept fixed throughout the "flight" as documented in [21.  
When tracking with the advanced display, the pilot was as- 
sumed to perceive height error, sinkrate error, pitch and pitch 
rate, flight path angle and path angle rate, and potential gamma. 
Because movement of the perspective runway with respect to the 
nominal glideslope was proportional to error in angular terms, 
the thresholds for height and sinkrate errors (in terms of feet 
and ft/sec) varied linearly with range. The heiqht error thres- 
hold was based on an "indifference threshold" of 1.4 meters at 
the 30 meter decision height as determined from previous analysis. 
Other threshold values were based on considerations of visual 
resolution as described in Levison and Baron. The noise/signal 
ratio of -17 dB associated with use of the advanced display 
reflects a moderate-to-high level of workloaa with no interference 
among display elements (i.e., we assume integration of the dis- 
played information). 
When tracking with the director display, the pilot was 
assumed to rely primarily on the director symbol and the air- 
speed indicator €or continuous flight-control information, with 
a negligible amount of time spent scanning the status informa- 
tion for monitoring purposes only. The threshold of 1.0 misec. 
on airspeed was based on the assumption that the pilot was in- 
different to airspeed errors smaller than the calibration incre- 
ments of the airspeed indicator (2 kts); threshold values f o r  
perception of director displacement and rate were based on visual 
resolution limitations. The noise/signal level of -14 dB reflects 
the same overall level of attention to the task as before, with 
the requirement to share attention between the director and air- 
speed indicators. For simplicity, equal sharing of attention 
between the two displays was assumed, and loss of visual inputs 
associated with eye movements was neglected. 
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Experimental Procedures 
The experimental task was to track a 3' ILS  beam to touch- 
down. Each experimental trial beqan at a simulated ranqe of 6700 
m from the runway threshold at an altitude of approximately 366 m. 
The aircraft was initially trimmed on the desired glide path for 
a 3' path angle in its approach configuration: 120-knot airspeed 
laps, gear down. Rudder was automatically controlled. 
during each experimental trial. Three shear environments were 
explored, including those designated as "Shear 1" and "Shear 3 " ,  
Drofiles of which are given in Figure 3. 
Zero-mean random gusts and wind shears were both simulated 
Gust disturbances having an rms variation of 0.3m/sec were 
simulated for all three translational axes. Gust spectral.char- 
acteristics were varied with altitude according to the wind models 
suggested by Chalk et al. 161. 
Data were obtained from three NASA test pilots. Practice 
trials were provided using shears other than those specified for 
data collection. Each pilot "flew" two sessions of 18 approaches 
each for data collection; each session consisted of two replica- 
tions of 3 control/display configurations and 3 shear environments 
presented in B balanced order. Thus, four replications per experi- 
mental condition per pilot were obtained. 
Ensemble statistics were computed for selected response 
variables for each experimental condition. First, within-subject 
replications were analyzed to provide trajectories of mean re:;ponse 
and of the standard deviation of the response. These measures 
were processed further to provide across-subject averages of the 
mean and standard-deviation response trajectories. Mathematical 
definitions of these statistical variables are given ir, Levison 
and Baron. 
For purposes of data presentation, statistical analysis was 
performed for height and airspeed errors, samded at 305 meter 
intervals beginning at a range of 4572 m from the ILS origin. 
SUMMARY OF RESLjLTS 
Considerations of space preclude an extensive presentation 
of either theoretical or experimental results. A sampling of 
results is presented to demonstrate three applications of the 
pilot/vehicle model in the context of this study: (1) prediction, 
( 2 )  diagnosis, and ( 3 )  extrapolation. Additional results are 
documented in [ 2 1 .  
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Prediction 
The followinq four figcres ccmpare displav and control trends 
for predicted and experimentil mean xesponse trajectories for the 
"Shear 1" environment.* Becacse the experiment was not full 
factorial, display differences ?re shcwn for the Attitude CWS 
configuration only, and control diffarmces are compared for the 
advanced display c ~ f ;  ysr;rLlm. 
Effcms of disGlay on mean height error and mean airspeed 
error are shown, respectivsly, in Figures 4 and 5. In general, 
the trends predicted by the model xre confirmed, but the differ- 
ences observed experimentally aLe smaller than predicted. Nodel 
and experimental correlation is yenerally better for height than 
for  speed response. 
As predicted, Rxperimentai heiuht error is generallv more 
negative for the Xztctor than for the advanced display. The data 
also confirm the prediction that the director display leads to 
a larger swing in error over the course of the approach. There 
was also a tendency (not predicted) for the pilots to fly above 
the nominal glide path. 
Figure 5 shows that the test Dilots flew the director dis- 
play with less negative (or more positive) airspeed errors than 
achieved for the advanced display-a trend the reverse of which 
was predicted by the model. Given the reported tendency of pilots 
to fly anproach speeds greater than nominal when windshears are 
anticipated [7], we suspect that the test subjects attempted to 
compensate for the lack of good airspeed information from the 
director configuration by intentionally carrying excess airspeed. 
Experimental results confirm the prediction of greater swings in 
error with the director display, although the magnitudes of the 
display-related differences are less than predicted. 
Figures 6 and 7 confirm the major trends predicted for con- 
trol effects; namely, tighter reaulation of height error was 
observe$ for velocity CFTS, whereas control configuration had little 
effect on regulation of speed error. 
Results for the Shear 3 environinent, documented in [ 2 ] ,  showed 
similar types of correlation between predicted and neasured mean 
error trajectorips. 
*Model results shown in these figures are true predictions in 
the sense that they were obtained before the experimental data 
were analyzed. 
to provide a best match to the data. 
Pilot-related model parameters were not adjusted 
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Diagnosis -
In order to ascertain the cause of the performance differences 
This reduced thresh- 
observed for the t w o  display configurations, the director display 
configuration was reanalyzed with the threshold of 0.024 m/sec 
(as opposed to 1.0 m/sec assumed previously). 
hold was equivalent to that which would be associated with the 
potential gamma indicator of the advanced display if potential 
gamma were driven solely by airspeed error. Director laws and 
scaling were unchanged, and, as before, the pilot was assumed to 
share attention equally between the director and speed indicators. 
Figure 8 shows that predicted performance with the director 
display, given improved airspeed resolution, is comparable to that 
achievable with the advanced display for the Shear 1 environment. 
Thus, reducing the perceptual threshold on airspeed should sub- 
stantially improve performance with the flight director." 
- Extrapolation 
A reliable pi1ot;vehicle model provides a convenient tool for 
answering various "what if" questions that may not be readily 
explored experimentally. In this study we used the model to expl- 
ore the consequences of providing the pilot with better knowledqe 
of the wind environment, Specifically, the "advanced" dimlay 
was considered with additional, direct, displays of horizontal 
and vertical wind assumed. Thresholds relating to percer>tion of 
wind velocities were neglected, and an integrated display was 
assumed (i,e., noise/signal ratios remained at -17 dR €or a11 dis- 
play quantities). The intent here was not to simulate a Dhysically 
realizable display, but to determine the performance potential 
associated with improved estimation of the wind environment. 
Figure 9 shows that predicted performance with the two dis- 
plays is nearly identical over most of tho approach. Thus, it 
would appear that little overall improvement in Performance can 
be expected from a display which provides the pilot with improved 
estimates of the instantaneous wind environment. 
This latest result is contingent on the assumption that the 
pilot does not attempt to estimate the altitude- (hence, time-) 
varying nature of the shear but attempts only to estimate the 
current wind vector. It is possible that mrformance could be 
improved if the pilot were to attempt to extrapolate the wind- 
*As of the writing of this Daper, this prediction has not been 
tested experimentally. 
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A = advanced d i s p l a y ,  W = addit ional  wind d i sp lay  
especially if the display were augmented to provide such predictive 
information. The potential for predictive capabilities of bath 
pilot and display is a relevant area for future study. 
DISCUSSION 
In general, performance trends predicted by the model were 
confirmed experimentally. Experimental and analytical results 
both indicated superiority of the "advanced" display with respect 
to regulation of height: and airspeed errors. Velocity steering 
allowed tighter regulation of height errors, but control uaram- 
eters had little influence on airspeed regulction. Model analysis 
indicated that display-related differences could be ascribed to 
differences in the quality o€ speed-related information provided 
by the two displays. 
Predictions were most accurate with regard to display-and 
control-related differences in the total swinq of the mean error 
over the course of the approach, and least accurate w i t h  regard to 
response variability and absolute levels of mean error. Experi- 
mental run-to-run variability was from 2 to 3 times as great as 
predicted for both heiqht and speed errors, 121,  and mean errors 
tended to be less negative (or more positive) than Predicted. 
The relatively larqe experimental variability may have been, in 
part, a result of keeping the data base small to prevent the pilot's 
learning of the  shear Profile. In addition, there aupeared to be 
a tendency for the pilots to fly high andlor fast on some trials 
and not an others, a factor that could contribute to predictive 
inaccuracies. 
With regard to future application of t h e  pilot/vehicle model 
to th3 study of approach performance in windshears, one miqht pro- 
fitably address questions relatinq both the ailot's conception of 
the behavior of the wind as well as to the wind information exD1.i- 
citly displayed. For example, one can assume that the oilot knows 
that the wind Mil1 change with altitude (and thus w i t h  time) in 
a smoath manner, and one can explore the consequences of displaying 
(a)  tho same variables disalayed in this study, (b) additional 
variables relating to the current wind state, and ( c )  additional 
variables xelatinq to the rate-of-chanqe of  wind. Furthermore, 
one can explore tho interaction o f  these Factors with the t p e  
and severity of shear. Additional factors that can be oxplored 
axe the relation between nerformance and workload for candidate 
controls and displays, as well as the utility of motion cues in 
detection o f  windshears. 
In  conclusion, the model employed in this studv has been 
validated with regard to its ability to predict important perform- 
ance txenda related to contro's and displays i n  windsheax environ- 
413 
ments. Because of the operational necessity of understanding per- 
formance in windshears, we suggest that the pilot/vehicle model 
be applied further to aid in the design of simulation experiments 
and to explore a variety of factors that cannot be readily studied 
in the laboratory. While we cannot guarantee accurate predictions 
of absolute performance levels at this stage of model development, 
the model should provide reliable indications of the nature of 
performanrle and workload improvements that can be achieved with 
candidate controls and disdays in a variety of windshear environ- 
ments. 
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INTRODUCTION 
This study w a s  conducted t o  determine the minimum update rate of a 
forc ing  funct ion d isp lay  required f o r  t he  operator  t o  approximate the  
tracking performance obtained on a continuous display.  Previous s tud ie s  
(see review by Frost,  1972, p. 287) using t i m e  on t a r g e t  as a measure of 
performance, obtained a breakdown i n  performance around 15 samples per 
second. I n  t h i s  study, frequency ana lys i s  was used t o  determine whether 
there  w a s  an associated change i n  the t ransfer  func t ion  c h a r a c t e r i s t i c s  of 
t he  operator.  It was expected t h a t  as the forcing func t ion  d isp lay  update 
rate was reduced, from 120 t o  15 samples per  second, t h e  opera tor ' s  response 
t o  the high frequency components of the forcing funct ion would show a 
decrease i n  gain, an increase i n  phase lag, and a decrease i n  coherence. 
APPARATUS 
The forcing funct ion,  In  each dimension, consis ted of t he  sum of nine 
s i n e  waves and simulated a Gaussian noise  passed through a second order 
f i l t e r  wi th  a ro l l -of f  frequency a t  1 Hz. The forc ing  funct ion was 
generated a t  rates of 120, 60, 30, o r  15 samples per second and presented on 
the  screen a t  these update rates. An o p t i c a l  p ro jec t ion  system cons is t ing  
of a low power laser and a p a i r  of galvo-mirrors r e a r  projected the  forc ing  
funct ion onto a c l o t h  screen i n  the form of a spot  of red  l i g h t  randomly 
moving i n  two dimensions about a center  s p o t  marked on the  screen. 
maximum excursion of the forc ing  funct ion was +5' v i s u a l  angle  i n  azimuth 
and elevat ion,  as viewed by the  subjec t  (S).  
were a l so  marked on the  screen and, along with t h e  cen te r  spo t ,  served as 
The 
The ?So v i s u a l  angle  pos i t ions  
y i g  
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ca l ib ra t ion  poin ts  f o r  both the forcing funct ion and S's eye movement 
response. 
opposite s i d e  of the  screen from the  o p t i c a l  p ro jec t ions  system and equi- 
d i s t a n t  from the  screen. 
The subject  tracked the forcing funct ion from a pos i t ion  on the  
The subjec t ' s  eye line-of-sight was computed using the  AMRL Honeywell 
Remote Oculometer. For a complete descr ip t ion  of the Oculometer, see 
Merchant, et .  al., 1974. Cal ibrat ion of the Oculometer p r io r  to each 
tracking run was accomplished by using a second o p t i c a l  p ro jec t ion  system 
posit ioned adjacent  t o  the  forcing function o p t i c a l  p ro jec t ion  system. 
movement of the  laser spot generated by t h i s  second system corresponded t o  
the  subjec t ' s  eye line-of-sight. 
off  during the  tracking run. 
The 
The Oculometer-driven laser spot  w a s  turned 
Five channels of a seven channel 1/2-inch Ampex 300 instrumentation 
tape recorder were used t o  record: (1) time code, (2) hor izonta l  forc ing  
function, (3) v e r t i c a l  forcing function, (4) horizontal  eye movements, and 
( 5 )  vert ical  eye movements. 
PROCEDURE 
Four students,  two male, two female, from the University of Dayton 
served as subjec ts  f o r  t h i s  study. 
function twice a t  each sampling rate (eight  tracking runs per subject)  i n  a 
p a r t i a l l y  balanced design. 
test sessions of four tracking runs each. 
operation of the  Oculometer was checked and ca l ibra ted .  The subject  was 
ins t ruc ted  t o  sit i n  a natural ,  comfortable posi t ion.  The only cons t ra in t  
placed upon the subject  was t h e  ins t ruc t ion  to  r e f r a i n  from making l a rge  
head movement. The subject  was ins t ruc ted  t o  follow (pursue) the  moving 
spot of l i g h t  with h i s  eyes as the  spot  moved on the  screen. The subjec ts  
were screened f o r  uncorrected 20120 vis ion.  
given a shor t  rest. 
Each subject  tracked t h e  forcing 
The da ta  fo r  each subjec t  was co l lec ted  i n  two 
After  sea t ing  the  subject ,  the  
Between runs subjec ts  were 
RESULTS 
Frequency analyses of the  da ta  from the fou r  subjec ts  were accomplished 
using an IBM 370 Computer and the BMD X92 program. 
spec t r a l  dens i ty  of the forcing function, the power s p e c t r a l  densi ty  of the  
eye response output, the c ross  power spectral densi ty ,  the cross  cor re la t ion ,  
the coherence, and the  t ransfer  functions i n  gain and phase were computed. 
The da ta  f o r  the two runs f o r  a given sampling ra te  condition were averaged, 
f o r  each subject ,  at  each of the  nine sine wave component frequencies of the  
forcing function. 
For each run the  power 
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The average t r ans fe r  funct ion gain, averaged across  subjects, f o r  each 
of t he  four sampling rates, are presented i n  Figure 1 (Horizontal) and 
Figure 3 (Vert ical) .  No d i f fe rences  a t t r i b u t a b l e  t o  sampling rate are 
present .  
The average t r ans fe r  funct ion phase, averaged across  subjects,  f o r  each 
of t he  four sampling rates, are presented i n  Figure 2 (Horizontal) and 
Figure 4 (Vert ical) .  An increase i n  t ranspor t  delay of approximately 30 msec 
was observed a t  the 15 samples pe r  second update rate f o r  both t h e  hor izonta l  
and v e r t i c a l  t racking data.  
The coherence da ta  averaged around .98 with a s l i g h t  drop off  a t  the  
high frequencies and showed no d i f fe rences  a t t r i b u t a b l e  t o  the  sampling 
rate of the  forcing function. 
DISCUSSION 
The lowest update rate used i n  t h i s  study (15 samples per second) was 
not low enough t o  have an appreciable e f f e c t  upon t h e  transfer funct ion 
c h a r a c t e r i s t i c s  of the  operator.  Further research is planned using lower 
update rates. Expected changes a t  t he  high frequency s i n e  waves components 
of the  forcing funct ion not  observed i n  t h i s  study may be observed at lower 
update rates. A time on t a rge t  ana lys i s  of the  da t a  is planned t o  determine 
whether t he  r e s u l t s  of t h i s  study correspond with t h e  r e s u l t s  previously 
reported.  
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INTRODUCTION 
I The bas ic  purpose of t h i s  experiment was to compare head t racking  
per,formance a t  var ious  angles  from the s t r a i g h t  ahead pos i t ion .  
pretrious labora tory  s t u d i e s  (e.g. Shirachi  and Black, 1975; Hornseth, 
Stariley, and Carson, 1976; and Shi rachi ,  Monk, and Black, 1976) head 
tracicing was performed w i t h i n  a 15' o r  less cone about t h e  s t r a i g h t  
ahead o r  bores ight  pos i t ion .  Honeywell has  conducted s t u d i e s  i n  which t h e  
s u b j e c t s  aimed t h e i r  heads as f a r  off  boresight  as 40' (Hughes, e t  a l ,  
1970)., Their s u b j e c t s  slewed t h e i r  heads i n  the  d i r e c t i o n  ind ica ted  by on 
arrow,:on the  head p o s i t i o n  d i s p l a y  they were using,  u n t i l  a t a r g e t  came 
i n t o  tile f i e l d  of view of the helmet mounted d isp lay .  A t  t h i s  p o i n t  their 
t a s k  bkcame t h a t  of laying a reticle over t h e  t a r g e t  t o  achieve lock on. 
The leRgth of time the  s u b j e c t s  were a c t u a l l y  t racking  was only i i  f e w  
second:. F l i g h t  test s t u d i e s  conducted a t  Tyndall AFB and China Lake 
(Dietz';?t a l ,  1971 and Grossman, 1974) invefit igated head t racking  perform- 
ance wh:.ch included l a r g e  off-boresight  angles .  
two s tud$es was highly predic tab le .  
In our 
The t a r g e t  motion i n  these  
1 
One'of the b i g  advantages of a helmet s i g h t  in a high performance 
aircraft  1.s i ts  of€-boresight c a p a b i l i t y  i n  aiming a f i r e  c o n t r o l  system. 
However, cracking d a t a  using a t a r g e t  t h a t  is moving r a p i d l y  and randomly 
for  an extended period of time is missing. This study is intended t o  
provide d a t a  i n  t h i s  area t h a t  w i l l  be of va lue  t o  engineers  i n  designing 
head c o n t r o l  sys terns. 
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METHOD 
Apparatus: 
A PDP 11/34 minicomputer with f l o a t i n g  poin t  hardware was used t o  
generate the forcing function, d i g i t i z e  and record 4 analog da ta  channels 
(azimuth and e leva t ion  of both the  t a rge t  and head motion), and perform 
some da ta  analyses.  A Honeywell helmet mounted s i g h t  (HMS) was used t o  
sense the  subjec t ' s  head angles  as he tracked the ta rge t .  
system weighed 1.65 kg. A Hughes, s ide  mounted, helmet d i sp lay  was used t o  
present the moving t a rge t  and head pos i t ion  re t ic le  t o  the  subjec t ' s  r i g h t  
eye. An IMLAC PDS-4 computer 
graphics d isp lay  generated the  t a r g e t  and reticle symbology using the  
forcing funct ion and the head pos i t ion  s igna l s  t o  pos i t ion  the  t a r g e t  
symbol relative t o  the  reticle. 
recorder  was used t o  record the subjec ts '  responses, t he  forc ing  funct ion,  
and a time code. 
This helmet 
This helmet mounted d isp lay  weighed .S4 kg. 
An Ampex FR-1300 instrumentation tape 
An IBM 370/155 was used f o r  da t a  ana lys i s  and p lo t t ing .  
The forcing function was updated a t  a 90 He rate. The HMS provided 
head azimuth and elevatioii  angles  a t  a 30 He rate. 
running" a t  approximately a 1000 Rt r e f r e sh  rate. 
The IMLAC was "free 
Forcing Function: 
The forc ing  funct ions were generated from a sum of s i n e  waves with t h e  
amplitudes scaled t o  simulate white noise  passed through a second order  
f i l t e r  with a break frequency of 0.7 Ut. 
funct ion can be found i n  Appendix A. 
s i n e  waves were randomly var ied from subjec t  t o  subjec t  but  remained 
constant  across  a given sub jec t ' s  conditions.  
t h a t  there  was negl ig ib le  learning across  6 runs with the  same forcing 
function. 
More information on the  forc ing  
The phase r e l a t ionsh ips  between the 
P i l o t  study da ta  indicated 
Procedure: 
Each subject  performed the head trackiris under 6 head pos i t ion  
conditioms. 
were used: 
The following mean azimuth and e l w a t i o n  angular pos i t ions  
Ooa 0' (center-center);  0". +30° (center-up); O', -30' (center-down); -49'. 
0' ( lef t -center) ;  - 4 S o a  +30° ( le f  t-up); and -45'. -30' (left-down). Because 
of symmetry of the l e f t - r i g h t  neck muscles and p i l o t  study data ,  only the  
l e f t  hemisphere of head motion was invest igated.  
fu r the r  off-center were not  selected f o r  examination because p i l o t  study 
da ta  suggested t h a t  t he  l i m i t e  of head and neck motion may be exceeded a t  
la rger  angles  fo r  some subjects .  Other supporting da ta  give the  average 
l i m i t  of male neck movement f a r  up f lex ion  a t  61' with S.D. of 27' down 
Performance a t  angles  
4 2C 
f lex ion  a t  60' with S.D. of 12', and l e f t  o r  r i g h t  r o t a t i o n  a t  79' with S.D. 
of 14' (Van Cott  and Kinkade, 1972). 
from each of the 6 head pos i t ions  was 210'. 
increase the probabi l i ty  the  t a r g e t  would remain on the  subjec ts '  d i sp lay  a t  
a l l  times and not  requi re  the  subjec t  t o  search f o r  it. 
t a rge t  excursions constrained the  sub jec t s  to  t r a c k  a t  var ious  mean angular 
pos i t ions  within the head motion envelope t o  provide an adequate representa- 
t i o n  of head tracking a t  the spec i f ied  off-center pos i t ions .  
The maximum excursion of the t a rge t  
This small  excursion was used t o  
Also, the  small  
Each tracking run was 100 seconds long. The f i r s t  9 seconds of t racking 
were not  scored t o  allow the  subjec t  t o  overcome the  i n i t i a l  "start up" 
e r r o r  induced by the  t a r g e t  suddenly jumping t o  a random s t a r t i n g  pos i t ion  
and beginning t.; move. 
recorded and scored. A t  the  end of each run a reet period of 1 minute was 
given. 
The f i r s t  6 runs were practice runs, allowing f o r  the sub jec t s  t o  ad jus t  t o  
head tracking a t  each angular pos i t ion .  
each subjec t  i n  t h e  same order.  
order t o  reduce any possible  order ing e f f ec t s .  
asymptoted 
The following 91 seconds of t racking  da ta  were 
After each group of 3 runs, t he  rest period was extended t o  5 minutes. 
A l l  p r ac t i ce  runs were presented t o  
A l l  sub jec ts '  scores  
The da ta  runs were presented i n  a randomized 
t o  an acceptable l e v e l  of performance during the p rac t i ce  runs. 
Subjects: 
Fourteen male sub jec t s  were used with ages ranging from 16-40. 
dominance was tes ted  f o r  each subjec t  with about half  repor t ing  r i g h t  eye 
dominance. The subjec ts ' ins t ruc t ions  are given i n  Appendix B. 
Eye 
RESULTS & DISCUSSION 
A subjec t ' s  performance scores  were computed from h i s  r a d i a l  e r r o r  data .  
Radial error is t h e  v i s u a l  angle from a subjec t ' s  l i n e  of s igh t  t o  the  
t a rge t  a t  each ino tan t  i r i  time. 
was used to  test f o r  s ta t i s t ica l  d i f fe rences  i n  performance a t  the 0 head 
angle posi t ions.  
found using the 502 circular e r r o r  probabi l i ty  (CEP) metric  (a 50% CEP 
r e f a r s  t o  tha t  radius ,  about the ta rge t ,  within which the subjec t  tracked 
50% of the t i m e ) .  
A subset,  was found when the  head faced center-center, l e f t -center ,  and 
left-down. 
head faced center-center,  left-up, left-down, and center-up. The worst 
performance, subset C, was found when the  head faced center-down, center-up, 
and lef t -up.  
pos i t ion  ( -45' .  00') and thc  worst pos i t ion  (00'. -30') i s  small, .15' o r  
6%. While t h i s  d i f fe rence  is statist ically s ign i f i can t ,  i t  is le f t  up to  
the  designerslengineers  t o  determine i f  the d i f fe rence  is o f  practical 
s ign i f icance  
The Duncan's New Multiple Mange Test (NMRT) 
Table 1 shows the  3 homogenous subse t s  of head pos i t ions  
The bes t  performances (lowest CEP), denoted by the 
The next bes t  performance, the B subset,  was obtained when the 
It should be noted t h a t  the  d i f fe rences  between the bes t  
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Establishment of on t a rge t  8. .e r ings  were done as an ana lys i s  pro- 
cedure after da ta  co l lec t ion .  
subjec ts  were not required t o  keep the t a rge t  within a ga te  r ing ,  nor were 
they shown any r ings.  
t a rge t  if h i s  r a d i a l  e r r o r  was less than a specif ied tolerance.  
t a rge t  tolerance r ings  were used i n  analyzing the da ta  co l lec ted  i n  t h i s  
experiment. They ranged from lo t o  6'. i n  1' increments, Gate times were 
computed f o r  each tolerance r ing ,  
of t ime  a subjec t  kept the t a r g e t  i n s ide  the  r ing.  
was outs ide the r ing,  t h a t  ga te  time ended. I f  t he  t a rge t  was again i n s i d e  
the r ing,  another ga t e  time was s t a r t ed .  To reduce "noise" e f f e c t s  i n  t h i s  
ga t e  time measure, an a r b i t r a r y  dead time zone of .1 seconds was used. This 
meant that  not  only must the  t a rge t  be within the r ing  t o  start a gate ,  it 
m u s t  also be within f o r  .I second. Likewise, i t  must be outs ide  of the  r i n g  
f o r  .1 second t o  end the  gate.  The mean ga te  times f o r  each r ing,  averagad 
over a l l  posi t ions,  are shown i n  f igu re  1. 
gate  time metric did not prove to be a senei t ivo measure for dis t inquiehing 
among the  angular posi t ions (Tables 2-7). 
except the  4' r ing,  performance a t  the 6 head pos i t ions  did not d i f f e r  
s ign i f i can t ly  from each other .  The 4' r ing  indicated that the longest ga t e  
times were obtained a t  a l l  pos i t ions  except lef t -up and center-down, 
next subset included a l l  pos i t ions  except le f t -center .  
However, during the  experimental runs, t he  
In analyzing the data,  a subject  was considered on 
Six on 
Gate time was defined to  be the  amount 
As soon as the  t a r g e t  
Using the  Duncan's test, the  
For a l l  of the  tolerance r ings,  
The 
The time on t a rge t  (TOT) score@, f o r  each tolerance r ing,  were computed 
The mean TQTs f o r  each ring, averaged across  a l l  positions, 
by multiplying the  mean gate  times by the number of times the target: stayed 
within the ring. 
i s  shown i n  f i g u r e  2. The Durican'8 test was applied t o  each of the 6 r ings  
t o  determine homogenous subsets. 
band, there  are no s ign i f i can t  d i f fe rences  among any of the  6 angular 
posit ions.  As the  task  become8 easier, by increasing the tolerance r i n g  
t o  2'. the  Duncan's test  ind ica tes  that 3 homogenous subse ts  exist. 
with the  CEP metric, the TOT with a 2' r ing  has the bes t  scores  a t  the 
center-center, lef t -center ,  and lef t-down (Table 9) Next beet  scores  are 
center-center, lef t -up and down, and center-up. The worst scores  axe 
center-center, left-up, and centcr-up and down. 
3', there  are still 3 homogenous subsets  (Table 19). 
bes t  mores remain the same, while the worst score is found LO be the 
center-down posi t ion.  With the  r ings  a t  4' and 5'. only 2 holwgenour sub- 
sets are found (Tables 11 and 12), The best scores are the same posi t ions 
as those i n  the 2 O  and 3' r ings.  
aame as i n  the 2' and 3' r ing  plus  the center-down pos i t ion  is included in 
t h i s  subset,  "ha 6' tolerance r ing,  the easiest task, a l s o  has 3 homo- 
genous subsets  (Table 13). The beat p a i t i o n s  were found to include a l l  
positions except center-down, while the next bes t  included a l l  pos i t ions  
except lef t -center .  For t h i s  condition, both s igniEicant ly  d i f f e r e n t  
subsets  have alnrost merged i n t o  a s ing le  subset, 
As shown i n  Table 8 for the  1. tolerance 
As 
Increasing the r i n g  size to  
The bes t  and second 
The aecond best pos i t ions  are also t h e  
4 20 
t\ two way analys is  of variance was used to  test f o r  s ign i f icances  in 
@IS er ror  scores. 
verstis elevat ion RFIS e r ro r s  (Table 14) .  Significance a t  the p = .001 l e v e l  
WJS found between the 6 angular posi t ions.  
elevation dimension in te rac t ion  was also found to  br s ign i f i can t  a t  
p = ,001 l eve l ,  
No s ign l f i can t  d i f fe rence  was found between azimuth 
The head posi t ion by azimuth- 
A Dunc'in's t e s t  was performed to compare REtS e r ro r  scores between the 
h ;tngulac posi t ions for both azimuth and elevation. 
were found w i t h  the azimuth scores (Table 15) .  
the csnter-center atid a l l  l e f t  posi t ions,  
scores, 3 homogenous subsets were found, but  w i t h  B d i f f e ren t  grouping than 
the otlirr rnetrics have found (Table 16). 
l e f t -center ,  left-down, and center-down. This was the only cfme t h ? t  the  
crnter-down posi t  ion was in the bes t  performance grouping when mult iple  
groups were found. The nes t  subset contained the lef t-down, center ,  center- 
up, and wnter-down cotiditions. The worst posit ion was the lef t-up posi t ion.  
Two homogenous subsets  
The best  performance was 
1 J l t h  the  e levat ion RMS e r ro r  
The best  performance was a t  
CONCLUSIONS 
The 3 primary metrim, CEP, TOT, and gate  times, a l l  emphasize a 
Thus, i t  i s  not surpr is ing tha t  the Duncan's test should 
d i f f e r e n t  aspect of tracking performance, but they  a r e  not independent of 
each other .  
generally designate the same posi t ion subsets.  In almost a l l  t h e  tests. the 
beat posi t ion was the lef t-center, followed by the  cerrter-center and l e f t -  
down posi t ions.  Again, i t  should be emphasized tha t  a l l  of  the di f fe rences  
found were small but s t a c i s r i c a l l y  s ign i f icant .  
not be prac t ica l ly  signif  icant. 
display used fo r  this experiment were earl , '  prototypes. 
each u n i t  are l i gh te r  and have a much Improved center  of  gravi ty .  
these f ac to r s  may eliminate even the s t a t i s t i c a l  s ign i f i can t  d i f fe rences  
among the posi t ions within the enselope t 4 5 '  azimuth and k30" elevat ion.  
However, they may o r  may 
Tho helmet mounted s igh t  and helmet mounted 
The later models of 
Both of 
APPENDIX A 
The rum of cine wava inpu t  was chosen such that i t  shnulated whito 
noise  passed through the second order sys taa  ( LA )2 . 
frequencies, for  azimuth were esulactad on the bisfs of being equal spaced 
batwaan 0.10 Ha and 2.OQ Ht on a log scale. For elevat ion,  the 11 sine 
frequencies were also spaced squaliv'8n a l ag  
being midway between the azimuth frequancies.lOTheir frequencies ranged 
from 0.12 Ha t o  2.32 Ha. An addi t ional  requirement piaced upan frequency 
se lec t ion  wag tha t  the r e su l t an t  input must complete a f u l l  cycle a t  the  
run 's  end. Thus, a l l  frequsnciae must be a harmonic of the fundamental 
frequc cy.  Far t h i s  experiment, the fundamental frequency, fo - 
91.02 seconds 
Eleven s ine  
scala  w i t h  the frequencies 
a .01099 Ha. P 
APPENDIX B 
Subject Instruct ions:  
a rap id ly  inoving ta rge t .  
your r i g h t  eye, you w i l l  no t i ce  a r e t i c l e  a t  the  center of t he  d isp lay ,  
This reticle w i l l  always remain a t  t h e  center  of t he  display as you move 
your head. Please move your head around a l i t t l e  so t h a t  you can see which 
of t he  two ob jec t s  is ac tua l ly  t h e  reticle. 
the display,  as you move your head, is the  t a rge t .  During the  test runs, 
the t a rge t  w i l l  move around in  a rapid,  random pat te rn .  
t o  move your head so as t o  keep the  center  of t h e  reticle as near t he  center  
of t he  t a rge t  as you can, 
test run, you w i l l  be given a 1 minute rest period before  t h e  next run. 
Please remain seated during these  sho r t  rest periods.  
requi re  you t o  t r ack  the  t a rge t  with your head aimed i n  a d i f f e r e n t  
d i rec t ion ,  You w i l l .  f i r s t  be given some p rac t i ce  i n  t racking a t  each of the  
6 head pos i t ions  used i n  the  experiment. Then you w i l l  be given t h e  experi- 
mental runs,  After each group of 3 runs you w i l l  be allowed t o  g e t  up out  
of the cha i r  t o  s t r e t c h  and walk around. I f  a t  any time you have any 
questions about what you are t o  do, be sure  t o  ask f o r  add i t iona l  instruc-  
t ions  or  c l a r i f i c a t i o n s .  
"Your t a sk  i n  t h i s  experiment w i l l  be t o  head t r ack  
In  the  head mounted display,  located i n  f r o n t  of 
The objec t  t h a t  moves around on 
Your t a sk  w i l l  be 
The test runs w i l l  last  90 seconds. After each 
Each test run  w i l l  
Do you havc: any quest ions a t  t h i s  time?" 
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FIGURE 1 
MEAN GATE TIMES FOR EACH GATE 
TOLERANCE RING , AVERAGED ACROSS 
ALL HEAD POSITIONS 
0 
9 
FIGURE 2 
MEAN TIME ON TARGET FOR EACH 
TOLERANCE RING, AVERAGED ACROSS 
ALL HEAD POSITIONS 
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TABLE 1 
DUNCAN'S NMRT FOR THE MEAN CEP 
SCORES AT THE 6 HEAD POSITIONS 
EL (DEGI 
-_ 
+ 30 
0 
-30 
CEP (DEGREES) 
EL [OEGI flZ (DEG) HZ (DEG) 
4 5  0 
0.15 0.16 
fl n 
A R 
R fl 
0.1G 0.15 
0.16 0. I5 
+ 30 
0 
- 30 
- 
TABLE 3 
DUNCAN'S NMRT RESULTS FOR THE 
6 HEAD ANGLE POSITIONS 
2' GATE TIME SCORES AT THE 
I 2' GATE TIMES (SEC) 
2.60 2.61 
BC* 6C 
fl flB 
RB 
2.51 2.55 
2.57 2.66 
C 
--- 
EL (OEG) fl? IIIEG) ~ 
-45 0 * '  
430 0.28 0.28 
A n 
R n 
R R 
0 0.29 0.28 
-30 0.29 0.28 
b 
. 
TABLE 2 
DUNCAN'S NMRT RESLZTS FOR THE 
1' GATE TIME SCORES AT THE 
6 W ANGLE POSITIONS 
l o  GATE TIMES (SEC) 
TABLE 4 
DUNCAN'S NMRT RESULTS FOR THE 
3' GATE TIME SCORES AT THE 
6 HEAD ANGLE POSITIONS 
I 3' GATE TIMES (SEC) I 
* For a l l  Duncan's NMRT t ab les  i n  t h i s  report ,  letters represent  homogenous 
The mean performance scores contained i n  a subset do not d i f f e r  subsets.  
s ign i f i can t ly  from other means contained i n  that subset.  The means not 
contained i n  the  same subset are s ign i f i can t ly  d i f f e r e n t  a t  the  p = .05 
l eve l .  A given mean can belong t o  more than one subset. 
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TABLE 5 
DUNCAN'S NMRT RESULTS FOR THE 
4" GATE TIME SCORES AT THE 
6 HEAD ANGLE POSITIONS 
4' GATE TIMES (SEC) I 
TABLE 7 
DUNCAN'S NMRT RESULTS FOR THE 
6' GATE TIME SCORES AT THE 
6 HEAD ANGLE POSITIONS . 
I 6' GATE TIMES (SEC) I 
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TABLE 6 
DUNCAN'S NMRT RESULTS FOR THE 
5" GATE TIME SCORES AT THE 
6 HEAD ANGLE POSITIONS 
TABLE 8 
DUNCAN'S NMRT RESULTS FOR THE 
1' TIME ON TARGET SCORES AT 
THE 6 I p  ANGLE POSITIONS 
1' TOT (%) 
_ - _  
I 
I 
433 
TABLE 9 
DUNCAN'S NMRT RESULTS FOR THE 
2' TIME ON TARGET SCORES AT 
THE 6 H F ,  ANGLE POSITT@NS .. 
TABLE 11 
DUNCAN'S NMRT RESULTS FOR THE 
4" TIME ON TARGET SCORES AT 
THE 6 HEAD ANGLE POSITIONS 
1 
--e_- .- -- -. -- [ 4' TOT (%) 
- ---- -r--I . - ---- --
TABLE 10 
DUNCAN'S NMRT RESULTS FOR THE 
3' TIME ON TARGET SCORES AT 
THE 6 HEAD ANGLE POSITIONS 
TABLE 12 
DUNCAN'S NMRT PcESULTS FOR THE 
5' TIME ON TARGET SCORES AT 
THE 6 HEAD ANGLE POSTTTONS 
1 __-- .-- -- --.--e- a_--- I 5' TOT (%) 
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10.30 
TABLE 13 
DUNCAN'S NMRT RESULTS FOR THE 
6' TIME ON TARGET SCORES AT 
THE 6 HEAD ANGLE POSITIONS 
1 
. c1 
TABLE 14 
ANALYSIS OF VARIANCE TABLE OF RMS ERROR 
A (AE-EL Dimension) 
8 (Angular Posi  t j o n s )  
C (Subject) 
A X E  
A X C  
R X C  
A X B X C  
Tgtal 
-_I 
Elf. 
1 
5 
1 3  
ti 
13 
65 
65 
167 
__c 
- 
7.16 
.27 
.50 
1 . 1 9  
.55  
.!I5 
.04 
. n2 
- 
F 
4 . 5 3  
5.01 
5.82 
6.42 
4.56 
2.19 
- 
- 
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TABLE 15 
DUNCAN'S NMRT RESULTS FOR THE AZIMUTH RMS 
ERROR SCORES AT THE 6 HEAD ANGLE POSITIONS 
TABLE 16 
DUNCAN'S NMRT RESULTS FOR THE ELEVATION RMS 
ERROR SCORES AT THE 6 HEAD ANGLE POSITIONS 
I EL RMS E (DEG) I 
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LIGHTWEIGHT HELMET-MOUNTED EYE MOVEMENT MEASUREMENT SYSTEM 
John A. Barnes 
US Army Human Engineering Laboratory 
Aberdeen Proving Ground, Maryland 
We first real ized the need for a simple, easy t o  use, lightweight 
device t o  determine t h e  aircrewman's f ixa t ion  points  and paths of eye move- 
ment between f ixat ion points  when we performed our i n i t i a l  eye movement 
measurement work. We used a blackworth EMC-2 device, f igure 1, t o  determine 
a helicopter p i l o t ' s  v i sua l  work load during actual  f l i gh t .  
Pickup 
Figure 1. E K -  2 Eye-Movement Camera 
The development of the  present system has been a %pare-time't project  
since 1971. 
o r  o par t i cu la r  project  required t h e i r  use. The interface components were 
constructed by our shop personnel during slack periods i n  t h e i r  work 
schedules. There aro no custom designed components i n  the  present system; 
every item is, or  is  made up from commercially available cornpononts. 
The components have been procured whenever funds were avai lable  
The helmet we used is the  type tha t  preceded the  present US Army 
aviators '  helmet. I t  has been modified s l igh t ly ;  a small amount of material 
has been removed from immediately above the  brow t o  accommodate the  camera 
case, the v isor  has been removed and the suspension system has been replaced 
with a removable, subject-f i t ted,  molded p l a s t i c  foam inner helmet similar 
t o  the  one used i n  t h e  USAF HCU-2 f l i g h t  helmet. The f i t t e d  helmet 
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s t a b i l i z e s  the  opt ica l  head and helps t o  keep the  system i n  ca l ibra t ion  
during use. The helmet-mounted eye movement measuring system, figure 2, 
weighs 1,530 grams; the weight of t he  present aviators' helmet i n  standard 
form with the  v i so r  is 1,545 grams, 
Front view of the system. Fyrtem in the stowed padtion. 
Figure 2. Lightweight Helmet-Mounted Eye Movement Measurement System 
The opt ica l  head is a standard NAC Eye-Mark. This op t ica l  head was 
mounted on a magnesium yoke which in  tu rn  was attached t o  a s l i d e  cam 
mounted on the  f l i gh t  helmet. The s l i d e  cam allows one t o  adjust  the  eye- 
to-optics system distance qui te  eas i ly  and t o  secure it so that  the  system 
w i l l  remain i n  calibration. The design of the  yoke and s l i d e  cam is such 
that the  subject can, i n  an emergency, move the op t i ca l  head forward and 
upward t o  the  stowed and locked posi t ion atop the  helmet. 
necessary f o r  f l i gh t  safety. 
This fea ture  was 
The te lev is ion  camera that i s  used i n  the system is a so l id  state 
General Elec t r ic  TN-2000 with I charged induced device (CID) imager used as 
the  vidicon. 
picture.  
available but the  CID imagers have an advantage i n  t h a t  they do not l'bloom" 
as badly when they are  struck by a bright  l i gh t .  
CCD imager which contains 185,440 c e l l s  apd produces a more de ta i led  video 
picture;  t h i s  was not available when our system was assembled. The CID 
imager is mounted on the NAC opt ica l  head i n  place of the standard f i b e r  
optics.  The camera electronic  package which measures 74 x 2 x 4 inches and 
weighs l e s s  than two pounds is placed in  t h e  pocket of a vest  worn by t h e  
subject.  The imager and electronic  package are connected by a very t h i n  
ribbon cable which is 42 i i d t e s  long. 
This par t icu lar  device has 45,000 c e l l s  which form the  video 
The charged coupled device (CCD) so l id  s t a t e  imagers a r e  a l s o  
Fairchild now o f fe r s  a 
The output of  t h o  system can be sent t o  the  video monitor and recorder 
by d i rec t  wire ox by the use of video transmitter.  
over a range of 3,000 fee t .  The video t ransmit ter  measures % x 3 x 
inches and weighs 14 pounds; it can be placed i n  another pocket of the  
sub j ec t  s vest  . 
I t  can be transmitted 
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A l l  components of t h i s  system operate on 12 vo l t s  o r  less. The power 
can be supplied from 8 belt-type battery pack or can be taken from t h e  
vehicle e l e c t r i c a l  system; the t o t a l  power requirement for t h e  subject. 
mounted equipment is less than three amperes. 
optical  head t o  the  CID imager. 
distance between tho optical  head and the  CID imager. 
A coupling lens is required t o  match the  opt ica l  output from the NAC 
The design of the lens used determines the 
For applications where the  helmet is not necessary, t h e  system's video 
components can be used with the  standard EYE-MARK face mask mount. For our 
own laboratory use we have replaced the  snap fasteners of t he  face mask 
Kmnt with VELCRO for eas ie r  and f a s t e r  adjustments. 
This system i s  not without its d i f f i c u l t i e s ;  the  video presentation is 
not a s  precise as a f i l m  rendition of the  same scene but the  ins tan t  feed- 
back i s  worth the degradation of t he  presentation. 
o r  no information is  l o s t  by using the  video recordings. 
used t o  investigate visual behavior where the f ixa t ion  points w i l l  be a t  
distances greater than 100 meters, there is  an inherent problem in the  EYE- 
MARK. Tlie l i gh t  marker tha t  indicates the subject 's  f!.xation point is a 
fixed s ize ,  .5 nun, and as the scene lens presents an increased scene area 
t h i s  fixed mark increases i n  size r e l a t ive  t o  the  rest of the presentation. 
We have had limited success i n  decreasing the size of the l i gh t  markcr by 
reducing the  size of its aperture. 
brightness and it w i l l  no longer be v i s ib l e  on the  scene presentation. The 
minimum aperture size tha t  we have been able t o  use is  .ll inches [normal is  
,16), t h i s  reduces the  l i gh t  marker size by about one-third. One fur ther  
problem tha t  might bother some i s  tha t  t he  video presentation is a mirror 
image of the real world, the f ibe r  optics systems contains a mirror which 
is  not used with t h i s  video system. 
sur€ace mirror at some comfortable angle i n  front of the monitor and view 
the video picture from a position above and behind the  monitor. 
For most purposes l i t t l e  
When t h e  system is 
This a l so  decreases the  marker's 
We rec t i fy  t h i s  by placing a f ront  
The Fiscal Year 1977 cost t o  t he  Government for  t h e  system components 
was : 
NAC EYE-MARK Optical Mead $ 3,420.00 
GE TN-2000 CID Video Camera 2,925.00 
Sony AV-3400 Video Recorder 888.75 
Sony CVM-I15 Monitor/Receiver 252.00 
VM-2200 Video Transmitter 15 mw 1,584.00 
Coupling Lens 400.00 
The lloff-of-the-shelf" cost of the complete system was $9,469.75. 
does not r e f l ec t  t h e  cost of interfacing thoso components i n to  a system; 
t h i s  w i l l  vary with the user's support rusources but should not exceed 
We have f i e ld  tested the system t o  check i t s  performance with the  
This cost 
$500.00. 
performance specifications given by NAC f o r  the  optical  head. The subject 's  
439 
head was fixed i n  posi t ion so t h a t  a l l  recorded movement was pure eye mve- 
mcnt an6 the  recorded er rors  were from eye movement only. The t a rge ts  were 
s e t  a t  a distance o f  100 meters from the  subject and extended i n  an a r c  of 
11' e i t h e r  s ide of the  center  ta rge t .  The NAC specif icat ions indicated a 
maximum error of  2O of a r c  a t  10' e i t h e r  side of the  center  posit ion; :his 
is 3.5 meters e r ro r  at 100 meters range, We measured 3.6 meters a t  10' on 
a smoothed curve of the  42 data points recorded, We have found i n  our work 
that a 3' eye movement w i l l  be tolerated before the  head is moved, thus with 
t h i s  system for 3 O  of eye movement we have an error of 1 meter a t  100 meters 
range, 10 cm a t  10 meters range and 1 cm a t  1 meter range. 
The l i s t i n g  of trade name products i n  t h i s  a r t i c l e  is not t o  be taken 
as an indorsement of these products. They were the  products t h a t  were 
available a t  the time of procurement which met our requirement t ha t  a l l  
elements of the system operated OF 1 2  vo l t s  DC. They were the l e a s t  cost ly  
items t h a t  met tha t  requirement and t ha t  were cosrpatiblo with, o r  could 
eas i ly  be made compatible with, the  o ther  elements of the  system. 
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SESSSON I :  MOTION SIMULATlON AND EFFECTS 
Chairman: R. Stapleford 
THE EFFECTS OF CLOSED LOOP TRACKING ON A SUBJECTIVE 
TILT THRESHOLD I N  THE ROLL AXIS 
By Marvin Roark* and Andrew .Itmker** 
*Systems Research Laboratoyies,  Inc.  
Dayton, Ohio CS4LlJ 
**Aerospace Medical Res ea K c h LP Lor S t  or y 
Wright-Patterson Air Force Base, Ohic i.543.3 
SUMMARY 
The i n d i f f e r e n c e  th re sho lds  f o r  t he  percept.f.oa of t i l t  i n  t h e  r o l l  axis 
were experimentally determined i n  a moving base sirnulator under- t h r e e  t rack-  
ing t a s k  d i f f i c u l t i e s .  The threshold level determined i n  t h i s  experiment is 
approxinately 5 t o  7 degrees  (. l g )  . 
INTRODUCTION 
I n  ground based simulat fs, un l ike  aircraft ,  f a l s e  t i l t  cues may occur 
when they are r o l l e d .  The amount of tilt which can be d a t e c t e d  by t h e  p i l o t  
i n  the s imulator ,  def ined as t h e  i n d i f f e r e n c e  th re sho ld ,  appea r s  t o  be a func- 
t i o n  of t he  t a s k  being performed. To e l imina te  t h e  f a l s e  t i l t  cues t h a t  occur 
wher, t h e  i n d i f f e r e n c e  threshold is exceeded, washout schemes are used t o  l i m i t  
t he  motions of t h e  s imulator .  This i s  o f t e n  accomplished by l i m i t i n g  t h e  
amount of roll. of the  s imula to r  while  s t i l l  al lowing t h e  a c c e l e r a t i o n  and 
o thc r  h e l p f u l  cues  t o  be f e l t  by the  p i l o t .  I n  t h e  p a s t  t h e  washouts used 
were based on what f e l t  good t o  the  p i l o t  i n  t h e  s imulator .  Very l i t t l e  d a t a  
is a v a i l a b l e  r e l a t i v e  t o  what t h i s  threshold is, see r e f e r e n c e  1, and what 
f a c t o r s ,  i f  any, al ter t h e  l e v e l  of i nd i f f e rence .  Data i n  t h e  past has d e a l t  
with determin3.ng t h e  abso lu te  threshold.  
docs show t h a t  t he  "absolate" threshold inc reases  when workload is increased.  
This  prompted an i n v e s t i g a t i o n  t o  determine t h e  e f f e c t  of workload on t h e  in- 
d i f f e r e n c e  threshold l e v e l  f o r  use i n  washouts and i n  motion r e l a t e d  param- 
eters of  p f l o t  modeling. 
One set of d a t a ,  see re fe rence  2,  
An experiment was perEormed t o  determine t h e  i n d i f f e r e n c e  threshold and 
the  i n t e r a c t i v e  e f f e c t  of  t h e  t r ack ing  t a s k  on the  threshold value.  
expwiment and a s soc ia t ed  r e s u l t s  are presented in t h i s  paper. 
This  
METHOD 
The b a s i c  idea behind t h e  experiment was t o  have a s u b j e c t  t r a c k  a closed 
Figure 1 is a block diagram 
loop dis turbance n u l l i n g  task and then superimpose a randotn appearing ramp 
( t i l t  i npu t )  t o  t h e  m t i o n  loop of t h e  s imulator .  
4 4 3  
of t h e  motion and v i s u a l  systems used i n  t h e  experiment showing t h e  l o c a t i o n  
of t h e  d i s t u r b a n c e  input  and t h e  tilt input  t o  t h e  motion p l a n t  i n  t h e  system. 
The only input  was t h e  d is turbance  input  s o  t h e  d i s p l a y  was t h e  nega t ive  of 
the simulated p l a n t  pos i t ion .  
h e  was to  i n d i c a t e  t h e  d i r e c t i o n  of t h e  tilt via a hand-held i n d i c a t o r  con- 
ta ini i ig  a l e f t  and a r i g h t  thumb ac tua ted  pushbutton. 
s t r u c t e d  t o  hold t h e  pushbutton down u n t i l  he no longer  f e l t  t h a t  he w a s  
t i l ted.  
hand-held i n d i c a t o r  s i g n a l s . w e r e  recorded and later analyzed. 
When t h e  subjec t  could d e t e c t  t h e  t i l t  input ,  
The s u b j e c t  was in- 
The t i m e  h i s t o r i e s  of t h e  c h a i r  p o s i t i o n ,  t h e  tilt input  and t h e  
The experiment w a s  run on t h e  R o l l  Axis Tracking Simulator (RATS) a t  t h e  
Aerospace Medical Research Laboratory a t  Wright-Patterson A i r  Force Base. 
The RATS is  capable  of s imula t ing  t h e  r o l l  dynamics of a high performance 
a i r c r a f t ,  i n  t h i s  case,  a n  F-16. The p l a n t  dynamics are descr ibed by equat ion 
1 wi th  l i m i t s  of 180°/sec and 400°/sec2. 
t h e  axis of r o t a t i o n  which is through t h e  head of t h e  subjec t .  
viewed t h e  d i s p l a y  shown i n  f i g u r e  2 which was 26 inches  away. 
used a f o r c e  s t i c k  mounted on the r i g h t  s i d e  of t h e  cab t o  c o n t r o l  t h e  track- 
ing  task.  To prevent t h e  s u b j e c t  from experiencing any e x t e r n a l  cues,  a 
shroud inclosed t h e  cab, white  n o i s e  w a s  i n j e c t e d  i n  t h e  helmet and t h e  room 
l i g h t s  were extinguished. 
i n  h i s  seat whi le  t h e  cab was i n  motion. 
The cab c o n t a i n s  a CRT mounted a t  
The s u b j e c t  
The s u b j e c t  
I n  a d d i t i o n ,  a harness  was used to keep t h e  s u b j e c t  
Three sum of s i n e  i n p u t s ,  s imulat ing white  n o i s e  passed through a low- 
pass f i l ter  wi th  a double pole  a t  2 rad ians ,  were used w i t h  RMS va lues  of 
.933, 1.40, and .467 pounds which r e s u l t e d  i n  14, 21, and 7 degreedsecond 
r o o t  mean squared (RMS) v a r i a n c e  i n  t h e  v i s u a l  e r r o r .  
were exposed t o  t h e  i n p u t s  i n  t h e  order  mentioned above. 
day f o r  3 days, with each r u n  l a s t i n g  165 seconds. 
t r a i n e d  from a previous experiment, therefore ,  minimum t r a i n i n g  was requi red .  
Data from t h e  l a s t  two days was used f o r  subsequent a n a l y s i s .  
a d a t a  run can be seen i n  f i g u r e  3. 
negat ive v i s u a l  e r r o r  (simulated p l a n t  pos i t ion)  seen by t h e  subjec t .  The 
negat ive of t h e  v i s u a l  e r r o r  is shown so t h a t  i t  can e a s i l y  be compared t o  t h e  
a c t u a l  motion p l a n t  seen i n  t r a c e  3. This  was t h e  t r a c k i n g  t a s k  he w a s  t r y i n g  
t o  n u l l  o u t  by keeping t h e  wings on t h e  d isp lay  l e v e l  w i t h  the  dashed r e f e r -  
ence l i n e .  The second trace shows t h e  o f f s e t  s i g n a l  t h a t  was added t o  t h e  cab 
pos i t ion .  
trace 3. A run cons is ted  of from zero t o  four  of t h e  o f f s e t  s i g n a l s  t o  maxi- 
mize randomness between runs. The o f f s e t  s i g n a l  i t s e l f  occurred a t  a ra te  of 
1°/sec with l i m i t s  of +20 degrees.  The 1°/sec value was chosen because i t  is 
below t h e  r o l l  v e l o c i t y  threshold of 2O/sec ,  see reference  1. The las t  graph 
i s  t h e  output  of t h e  hand-held i n d i c a t o r  t h e  s u b j e c t  used t o  i n d i c a t e  when t h e  
tilt  was f e l t .  
A group of t e n  s u b j e c t s  
They r a n  4 runs a 
The s u b j e c t s  had been 
An example of 
The top trace is  a t i m e  h i s t o r y  of t h e  
The r e s u l t i n g  cab p o s i t i o n  during t h e  t racking  t a s k  is shown i n  
I n  a d d i t i o n  t o  t h e  t racking  d a t a  taken, a set of b a s e l i n e  d a t a  f o r  each 
This  d a t a  provides a b a s e l i n e  i n d i f f e r e n c e  threshold,  subjec t  was recorded. 
comparable t o  t h e  absolu te  threshold d a t a  taken i n  previous experiments. 
s u b j e c t  was asked t o  sit q u i e t l y  i n  t h e  cab while  t h e  cab was t i l t e d ,  using 
the  same tilt input  described earlier. The subjec t  was t o  i n d i c a t e  t h e  d i r e c -  
t i o n  of t i l t  as he d id  before.  
The 
The t racking  t a s k  was not  present  and t h e  
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d i s p l a y  remained f ixed  on t h e  screen. 
RESULTS 
The r e s u l t s  are shown i n  f i g u r e s  4 through 7 and summarized i n  f i g u r e  8 .  
For each group, t h e  o f f s e t  angle ,  a t  t h e  poin t  when t h e  i n d i c a t o r  bu t ton  was 
pressed was recorded and placed i n  groups of h a l f  degree increments. The 
number of p o i n t s  recorded i n  each h a l f  degree group was then p l o t t e d  i n  h is -  
togram form with t h e  mean and s tandard d e v i a t i o n  shown f o r  each group. The 
mean va lues  for t h e  i n d i f f e r e n c e  threshold i n c r e a s e s  with the d i f f i c u l t y  of 
t h e  task.  
smaller amount of var iance  a c r o s s  s u b j e c t s .  
Fewer d a t a  p o i n t s  were needed f o r  t h e  b a s e l i n e  d a t a  due t o  t h e  
The summary shows a b a s e l i n e  level of 3.48" ( . 0 6 g )  which jumps t o  6.46O 
(.113g) with t h e  least d i f f i c u l t  t a s k  and 7.56O (.132g) with t h e  most 
d i f f i c u l t .  These r e s u l t s  are discussed i n  t h e  fol lowing sec t ion .  
DISCUSS ION 
From t h e  base l ine  da ta ,  t h e  i n d i f f e r e n c e  threshold level is 3.48" ( . 0 6 g ) .  
This va lue  can be compared t o  d a t a  taken from o t h e r  experiments where t h e  
a b s o l u t e  threshold was determined but ,  t h e  r e s u l t s  from t h i s  experiment are 
3 t o  30 times higher ,  see reference  1. This  is  due t o  t h e  condi t ions  under 
which t h e  experiment was run. 
s u b j e c t s  t ilt  d e t e c t i o n ,  similar t o  t h e  kind of loading  he would r e c e i v e  when 
running i n  a simulator.  Under t h e s e  "real world" condi t ions ,  t h e  s imulator  
environment, a u s e f u l  measurement of t h e  i n d i f f e r e n c e  threshold is made and 
can be d i r e c t l y  appl ied t o  washout desfgns and used i n  p i l o t  modeling. 
These condi t ions  added extra loading t o  t h e  
Figures  5 through 7 show t h e  r e s u l t s  when t r a c k i n g  t a s k s  of varying 
d i f f i c u l t i e s  are added t o  t h e  b a s e l i n e  condi t ions .  The r e s u l t s  of a l l  four  
condi t ions ,  summarized i n  f i g u r e  8, contained t h e  type of t rend  as expected, 
see reference  2. The summary shows a sharp  jump from t h e  b a s e l i n e  t o  t h e  
least d i f f i c u l t  of t h e  t h r e e  t racking tasks and then increas ing  threshold 
l e v e l s  w i t h  t h e  d i f f i c u l t y  of t h e  task.  
ed by increas ing  t h e  t a s k s  RMS value which had t h e  e f f e c t  of changing t h e  
s i g n a l  to  noise  r a t i o  of t h e  system. 
i n c r e a s e  i n  the  threshold l e v e l s  as well a s  t h e  increase  i n  t h e  var iance  of 
t h e  data. 
loading of t h e  s u b j e c t  by t h e  t racking  task .  
The v a r i o u s  d i f f i c u l t i e s  were obtain-  
This change accounts  f o r  p a r t  of t h e  
The r e l a t i v e l y  l a r g e  jump from t h e  b a s e l i n e  is due t o  t h e  i n i t i a l  
CONCLUSIONS 
I n  t h i s  paper, an experiment t o  i n v e s t i g a t e  t h e  e f f e c t s  of t h e  t racking  
t a s k  workload on t h e  ind i f fe rence  thresho1.d i s  descr ibed.  Based on t h e  re- 
s u l t s  and t h e  d iscuss ion ,  t h e  following conclusions can he drawn. 
1 )  
2)  
The i n d i f f e r e n c e  threshold i n c r e a s e s  w i t h  t a s k  loading. 
The t i l t  i n d i f f e r e n c e  threshold while  performing a t racking  t a s k  is 
approximately . lg .  
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ABSTRACT 
An experimental and ana ly t i ca l  study was undertaken j o i n t l y  by the 
Aerospace Medical Research Laboratory and Bolt Beranek and Newman Inc.  t o  
explore the e f f e c t s  of the t i l t  cue on p i lo t lveh ic l e  performance i n  a simu- 
l a t ed  heading t racking task. The task w a s  performed with subjec ts  using 
visual-only cues and combined v i sua l  and ro l l -ax is  motion rues. Half ot 
the experimental trials were conducted with the simulator ro t a t ing  about 
the horizontal  ax is ;  t o  suppress the t i l t  cue, the remaining t r i a l s  were 
conducted with the simulator cab t i l t e d  90' so t h a t  ro l l -ax is  motions were 
about ea r th  v e r t i c a l  . 
The presence of the t i l t  cue allowed a subs t an t i a l  and s t a t i s t i c a l l y  
s ign i f i can t  reduction i n  performance scores.  
pressed, the a v a i l a b i l i t y  of motion cues did not result i n  s i g n i f i c a n t  
performance improvement. 
cont ro l  p i lo t /vehic le  model, wherein the presence o r  absence of var ious 
motion cues was represented by appropriate  de f in i t i on  of the perceptual 
q u a n t i t i e s  assumed t o  be used by the human operator.  
When the t i l t  cue was sup- 
These e f f e c t s  were accounted f o r  by the optimal- 
- * This research was supported i n  pa r t  by AFOSR under Contract No. F44620- 
74-C-0060. 
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INTRODUCTION 
One of  t h e  problems a s s o c i a t e d  with ground-based motion s imula t ion  is 
t h e  i n t r o d u c t i o n  of unwanted o r  "false"  cues  t h a t  are n o t  p r e s e n t  i n  t h r e e  
d imensbn .? l  f l i g h t .  
simula:.;t;n depends both on t h e  n a t u r e  of t he  f l i g h t  t a s k  and t h e  degrees  of 
f reedonr of  the moving-base s imula to r .  
The p a r t i c u l a r  set of such f a l s e  cues  p re sen t  i n  a given 
Th i s  paper reviews t h e  r e s u l t s  of a r ecen t  experimental  and a n a l y t i c a l  
s t u d y  t o  exp lo re  t h e  p i l o t ' s  a b i l i t y  t o  use t h e  "tilt  cue" (i.e.* the devia- 
t i o n  of t h e  e f f e c t i v e  "g rav i ty  vector"  from t h e  usua l  head-to-seat oriecta- 
t i o n ) .  Such a cue is "false" ,  f o r  example, i f  it is p r e s e n t  i n  t h e  simula- 
t i o n  of a cons t an t  rate coordinated tu rn .  This  s tudy  was performed as  p a r t  
of a multi-year c o l l a b o i s t i v e  e f f o r t  between Bolt  Beranek and Newman and t h e  
Aerospace Medical Research Center t o  develop a model of t h e  p i l o t ' s  use of 
r o l l - a x i s  motion cues. 
program have been reported i n  References [l-51; documentation of t h e  s tudy  
reviewed below i s  i n  preparat ion.* 
R e s u l t s  obtained i n  t h e  preceding phases of t h i s  
DESCRIPTION OF EXPERIMENTS 
Prel iminary model a n a l y s i s  was conducted using t h e  opt imal-control  
p i l o t / v e h i c l e  model t o  sea rch  f o r  an experimental  t a s k  f o r  which perfo,  +mance 
would be s e n s i t i v e  to  t h e  presence o r  absence of t h e  t i l t  cue. 
revealed that simple r o l l - a x i s  t a s k s  of t h e  type explored p rev ious ly  would 
not  be  s u f f i c i e n t l y  s e n s i t i v e .  When the a d d i t i o n  of ano the r  i n t e g r a t i o n  t? 
the system dynamics was found to  provide t h e  d e s i r e d  p red ic t ed  s e n s i t i v i t y ,  
t h e  heading t r ack ing  t a s k  diagrammed i n  Figure 1 was adopted f o r  t h i s  study. 
In a l l  experimental  t r a i l s  the s u b j e c t  was provided w i t h  a v i s u a l  d i s p l a y  of 
heading error as sketched i n  Figure 2. 
This  a n a l y s i s  
Motion about t he  r o l l  a x i s  was provided by t h e  Dynamic Environmental 
Simulator  (DES). When t h e  r o l l  a x i s  of t h e  s imula to r  was i n  the normal 
h o r i z o n t a l  o r i e n t a t i o n ,  a ro l l  displacement provided t h e  s u b j e c t  w i th  a t i l t  
cue. 
t h e  p i l o t  was irr t h e  supine p o s i t i o n .  
l y  to the  p l ane  of r o t a t i o n  and could not  provide t h e  p i l o t  w i th  information 
r e l a t e d  t o  t h e  t r a c k i n g  t a sk .  
yaw motion was absen t .  
The t i l t  cue was suppressed by r o t a t i n g  the DES 90 degrees  so t h a t  
In t h i s  p o s i t i o n  g r a v i t y  a c t e d  normal- 
Motion was provided on ly  i n  t h e  ro l l  axis ;  
Vehicle dynamics were of a h ighe r  order  than those  explored i n  t h e  pre- 
ceding s tudy.  The DES i tsel f  provided approximate dynamics of a single p a l e  
*-Levison, W. H. and A. M. Junker ,  "Modeling t h e  P i l o t ' s  Use of a Roll-Axis 
T i l t  Cue", BBN Report No. 3802, Bolt  Beranek and Newman Inc. ,  Cambridge, 
Mass. ( i n  p repa ra t ion ) .  
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a t  2 radjsec and a complex pole pa i r  having a na tura l  frequency a t  about 
10 radfsec.  
approximate a second-order noise  process. 
"Target" motion was provided by a sum of s inusoids  designed to  
Subjects were ins t ruc ted  t o  minimize a weighted sum of mean squared 
heading e r ro r  and mean squared r o l l  accelerat ion and were t ra ined  t o  near 
asymptotic performance on each of the four experimental conditions.  
SUMMI\RY OF RESULTS 
The comparison between predicted and measured rms performance scores  
presented i n  Figure 3 shows t h a t  the  model predicted the major trend of the 
experiment: namely, tha t  motion cues would benefi t  performance t o  a g rea t e r  
extent  when the tilt  cue wa6 present ( i .e . ,  hor izontal  r o l l  axis) ,  This 
comparison is perhaps b e t t e r  i l l u s t r a t e d  in  Figure 4 i n  which static-motion 
differences i n  rms scores a r e  shown f o r  a l l  performance measures. For the 
most pa r t ,  predicted differences were within one standard deviation of the 
difference scores  obtained experimentally. 
model predicted a smaller decrease i n  the e r r o r  score and a grea ter  decrease 
i n  the accelerat ion score than revealed by the data .  
motion perEormance differences were generally less than observed experimn- 
t a l l y  €or r o l l  about the v e r t i c a l ;  however, observed differences were la rge ly  
not s t a t i s t i c a l l y  s ign i f i can t .  
For r o l l  axis hor izonta l ,  the 
Predicted s t a t i c /  
Model predict ions shown i n  Figures 3 and 4 were obtained with p i lo t -  
re la ted  parameters se lec ted  a s  indicated i n  Table 1. 
obtained In a study of simulator washout e f f e c t s  [3], a "residual  noise" of 
15 degrees was associated with perception of p l a n t  r o l l  angle from t.ie t i l t  
cue. Because of the r e l a t ive ly  large r o l l  rates and acca lara t ions  required 
t o  perform the tracking task,  perceptual thresholds and res idua l  noise terms 
fo r  o ther  motion-related cues were considered negl igible .  
On the bas i s  of results 
The informational analys is  adopted i n  previous s tud ie s  was used t o  
account for  the presence or absence of motion cues. For r o l l  about the hori-  
zontal  axis, moving-base simulation was assumed to  provide the p i l o t  with 
information re la ted  d i r ec t ly  t o  vehicle r o l l  angle. r o l l  r a t e ,  r o l l  accelera- 
t ion,  and roll accelerat ion rate. We fu r the r  assumed tha t  a t t en t ion  would 
be shared between v isua l  sues as a group uad motion cues as a group and thar  
the p i l o t  would a l loca t e  a t t en t ion  between these two sets of cues i n  a way 
t ha t  would minimize the object ive performance cost .  A a imi la r  treatment was 
adopted for  r o l l  about the v e r t i c a l  axis, only i n  this case the  p i l o t  was 
assumed tn  obtain no cue re la ted  d i r ec t ly  t o  plant pos i t ion ,  and zero at ten-  
t ion was ascribed t o  t h i s  var iable .  The model for s t a t i c  t racking was 
The reader is d i r i c t ed  t o  References 1-5 fo r  a review o f  the  optimal- 
control model and i t a  treatment of motion cues. 
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i d e n t i c a l  f o r  t h e  p i l o t  i n  t h e  up r igh t  and supine p o s i t i o n s .  Relative a t t e n -  
t i o n s  of 0.5 and 0.2 t o  motion v a r i a b l e s  were p r e d i c t e d ,  r e s p e c t i v e l y ,  f o r  
t he  cases of t i l t  cue p r e s e n t  and t i l t  cue absent .  
Table 1 
Nominal Values f o r  Pi lot-Related Model Parameters 
Motor time cons tan t  C.1  seconds 
Time de l ay  0.2 seconds 
Driving motor no i se /  -, ( n e g l i g i b l e )  
signal r a t i o  
Pseudo motor n o i s e /  
s i g n a l  r a t i o  
-35 dB; relative 
t o  c o n t r o l  va r i ance  
Observation n o i s e l s i g n a l  
r a t i o  f o r  " i u l l  a t t e n t i o n "  
-20 dB r e l a t i v e  t o  
s i g n a l  va r i ance  
Pe rcep tua l  t h re sho ld ,  
i n d i c a t o r  displacement 
Pe rcep tua l  t h re sho ld ,  
i n d i c a t o r  v e l o c i t y  
0.05 degrees  
v i s u a l  arc 
0.05 degreeslsecond 
v i s u a l  arc 
Figure 5 shows t h a t  t h e  model c o r r e c t l y  p red ic t ed  many of t h e  d e t a i l e d  
changes i n  p i l o t  response behavior  induced by t h e  moving-base s imula t ion .  
For r o l l  about the h o r i z o n t a l ,  t he  model showed a s u b s t a n t i a l  i n c r e a s e  i n  low- 
frequency phase shift, a small decrease i n  amplitude r a t i o ,  and a decrease i n  
inpu t - co r re l a t ed  c o n t r o l  power a t  low freqriencies. For v e r t i c a l - a x i s  r o l l ,  
t he  model c o r r e c t l y  p red ic t ed  a small i n c r e a s e  i n  low-frequency phase and, 
i n  gene ra l ,  no apprec i ab le  changes i n  o t h e r  frequency-response measures. 
The model a l s o  p r e d i c t e d  the fol lowing e f f e c t s  t h a t  were y t  observed 
experimentally:  
a t  high f r equenc ie s  f o r  ho r i zon ta l - ax i s  r o l l ,  and inc reased  low-frequency 
remnant power f o r  r o l l  about t h e  v e r t i c a l .  E r ro r s  i n  p r e d i c t i n g  the  e f f e c t s  
of motion s imula t ion  on low-frequency remnant power a r o s e  p r i m a r i l y  from 
the  tendency of t h e  model t o  p r e d i c t  considerably less  remnant i n  the  s t a t i c  
case than was observed experimental ly .  
decreased inpu t - co r re l a t ed  and remnant-related c o n t r o l  power 
The s u b j e c t s  used i n  t hese  experiments were i n s t r u c t e d  only t o  rninjil:ize 
" o t a l  I'costl'; they were no t  i n s t r u c t e d  as co t he  deo i r sd  c o n t r o l  s t r a t e g y .  
Cne n i g h t ,  t h e r e f o r e ,  expect  t h e  s u b j e c t s  t o  have adonted s t r a t e g i e s  d i f f e r -  
e n t  from t h a t  p r e d i c t e d  by t he  model, providzd such non-optimal behavior had 
n e g l i b l e  effect  on t o t a l  c o s t .  
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Se lec t ed  p i l o t - r e l a t e d  parameters were v a r i e d  t o  determine t h e  e x t e n t  
to  which matching e r r o r s  could be a t t r i b u t e d  t o  performance i n s e n s i t i v i t y .  
S p e c i f i c a l l y ,  t i m e  delay and c o s t  weightings were modified i n  such a way t h a t  
t o t a l  cos t  was v i r t u a l l y  unchanged (an i n c r e a s e  of less than 3%.) Figure  6 a  
shows t h a t  t h e  a b i l i t y  of t h e  model t o  match p i l o t  response behavior  a t  high 
f r equenc ie s  was s u b s t a n t i a l l y  improved by t h i s  procedure.  To t h i s  e x t e n t ,  
d i f f e r e n c e s  between p r e d i c t e d  and observed measurements can be  a t t r i b u t e d  to  
" p i l o t  preference" of  t h e  type t h a t  does not  no t i ceab ly  a f f e c t  performance. 
E r r o r s  i n  modeling low-frequency a spec t s  of response behavior  could 
no t  b e  a t t r i b u t a b l e  t o  p i l o t  preference,  however. Low-frequency remnant 
power f o r  s t a t i c  t r a c k i n g  was matched only by an i n c r e a s e  i n  obse rva t ion  
n o i s e  - s p e c i f i c a l l y ,  noise a s s o c i a t e d  with pe rcep t ion  of heading erc1.r. 
The match t o  low-frequency 2hase s h i f t  f o r  t h e  motion case was improved by 
assuming less than opt imal  a t t e n t i o n  t o  motion cues. 
ment i n  model-matching c a p a b i l i t y  i s  demonstrated i n  F i g u r e  6b. 
The r e s u l t i n g  improve- 
DISCUSSION OF RESULTS 
The r e s u l t s  of t h i s  s tudy  i n d i c a t e  t h a t  a simple in fo rma t iona l  a n a l y s i s  
is s u f f i c i e n t  t o  account f o r  much of t'ie in f luence  of t h e  t i l t  cue i n  t a s k s  
involving r o l l - a x i s  motion. S p e c i f i c a l l y ,  one assumes t h a t  t h e  p i l o t  d i r e c t -  
l y  pe rce ives  t h e  bank angle  of t he  (:sovingj v e h i c l e  i f  t h e  t i l t  cue is pres- 
e n t ;  otherwise,  t h i s  element is omit ted from the  p i l o t ' s  "display vector*' .  
The remaining motion-related cties of  r o l l  rate, r o l l  a c c e l e r a t i o n ,  and r o l l  
a c c e l e r a t i o n  rate are assumed a v a i l a b l e  i n  both s i t u a t i o n s .  
One should n o t  i n t e r p r e t  the r e s u l t s  of t h i s  s tudy  as h d i c a t i n g  t h a t  
the t i l t  cue w i l l  g e n e r a l l y  be of s i g n i f i c a n c e  i n  a t a s k  invo lv ing  r o l l - a x i s  
motions, OR t h e  c o n t r a r y ,  t h e  degree t o  which t h e  t i l t  cue provides  usable  
information t o  t h e  p i l o t  depends on the d e t a i l s  of t h e  t r a c k i n g  t a sk .  
fac t ,  considerable  pre-experimental  model a n a l y s i s  was r equ i r ed  t o  design an 
experimental  t a s k  i n  which performance would b e  s i g n i f i c a n t l y  i c f luenced  by 
t h e  presence o r  absence of the  tilt  cue.) 
( I n  
The " r e s i d u a l  R O ~ S . ~ "  of 15 degrees a s soc ia t ed  w i t h  pe rcep t ion  o f  t he  
t i l t  cue i s  not  t o  be i n t e r p r e t e d  a s  a detec.t ion th re sho ld ,  b u t  r a t h e r  as a 
measure of unce r t a in ty  s s s o r i a t e d  with t h i s  pe rcep tua l  v a r i a b l e  i n  the con- 
text of a continuous t .m;king t a sk .  
equivalent: t o  a " t h r e d ~ c l i "  of one-third the value i n  terms of the  optimal- 
c o n t r o l  p i l o t  model 161, tiis resil'.ual noise  of  15 degrees  is  c o n s i s t e n t  with 
an i n d i f f e r e n c e  th re sh3 ld  i ) f  ahout 5 degrekd r e c e n t l y  obtained i n  an experi-  
ment r e q u i r i n g  simultaneous detcil t ion of t i l t  and continuous r o l l - a x i s  
c o n t r o l  [7]. 
Since a "residual.  noise" is roughly 
TO some e x t e n t ,  i n s e n s i t i v i t y  of pertormince t o  p i l o t  response stra- 
tegy appears  t o  have allowed the s u b j e c t s  t o  "trade" a c c e l e r a t i o n  score For 
e r r o r  s co re  when performing the  t r a c k i n g  task with r o l l  motion about the 
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h o r i z o n t a l  a x i s ,  
r e l a t i v e l y  l a r g e  n o i s e / s i g n a l  r a t i o  ( e q u i v a l e n t l . ~ ,  low a t t e n t i o n )  assoc ia ted  
wi th  percept ion of heading e r r o r  i n  the fixed-base t racking  task.  
i n g  t h i s  parameter from t h e  nominal -20 dB t o  -5 dB t o  provide t h e  b e s t  
match t o  t h e  experimental  r e s u l t s  increased t h e  p r e d i c t e d  t o t a l  c o s t  by 
about 20% - an increase  t o o  l a r g e  t o  a s c r i b e  to p i l o t  i n d i f f e r e n c e .  
However, performance i n s e n s i t i v i t y  does n o t  expla in  t h e  
Increas- 
A more c o n s i s t e n t  explanat ion of these  r e s u l t s  is  t h a t  t h e  high noise  
level may have r e f l e c t e d  increased u n c e r t a i n t i e s  about v e h i c l e  response 
c h a r a c t e r i s t i c s  caused by t h e  r e l e t i v e l y  high o r d e r  of  t h e  p l a n t  dynamics 
(two pure i n t e g r a t i o n s  p l u s  a d d i t i o n a l  lags  t o  represent  t h e  dynamics of the 
r o t a t i n g  s imulator) .  When motion cues were present ,  t h e  c o n t r o l l e r s  may 
have obtained s u f f i c i e n t  a d d i t i o n a l  information about t h e  s ta te  of t h e  con- 
t r o l l e d  p l a n t  t o  minimize t h i s  uncertainty;  hence, t h e  a b i l i t y  t o  match 
moving-base response behavior wi th  nominal n o i s e  levels. Improved modeling 
of p i l o t  response behavior i n  s i t u a t i o n s  involving high-order dynamics is 
a poss ib le  a r e a  f o r  f u t u r e  research.  
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SUMMARY 
The aim of t h i s  research was t o  discovor the basic e f fec ts  on p i l o t  r o l l  
tracking behavior, pcrfcrmunce, and impressions f o r  several types of moticn- 
reducing logic  ("WashouLs") used i n  moving-base simulators, 
program between the 6750 Aerospace Medical Research Laboratory (AMRL-EM 
Hranch) and Systems Technology, Inc. 
It was a jo in t  
The experiments were performed on the AMFL Dynamic Environment Simulator 
(DES), i n  the r o l l  degree of fi*eedom only. 
normally (p i lo t  erect ,  tilt cue present) and 90 deg nose-up (p i lo t  supine, no 
tilt cue) , 
first order, attenuated, and s t a t i c  (fixed base). 
The g-vector was oriented both 
Washout f i l t e r s  included: second order, f irst  order, attenuated 
In a dogfight scenario, the task was t o  i'ollow the ta rge t ' s  r o l l  angle 
while suppressing gust distwbances 
sum-of-sines) enabled identification of both the v isua l  and motion response 
2arameters of the p i l o t  by the STI Model Fit t ing Program (MFE'77). 
parameter multiloop model structure f i t t e d  includes separate visual  and r o l l  
motion sensing channels, w i t h  a common neuromuscular actuator block. 
!he two independent inputs (interlesved 
A 12- 
Excellent describing function and performance data as w e l l  as subjective 
impressiofls were obtained on four non-pilot subjects, each well trained i n  
the "real-world" case ( f u l l  motion; 90 9eg nose-up). All subjects adopted 
the sw.2 beha.;ioral s t ra tegies  i n  following the target while suppressing the 
gusts, and the MFP-fitted math model response was generally w i t h i n  one "data 
S s b o l  Width. 'I 
The resu l t s  include the following: 
e Comparisons of f u l l  r o l l  motion (both wi th  and without the 
spurious gravity tilt cue) w i t h  the s t a t i c  case. 
cues help suppress disturbances with l i t t l e  net e f fec t  on the 
visual perft>-mance. 
but gave only small improvement i n  tracking errors.  
These motion 
T i l t ;  cues were clearly used by the p i l o t s  
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0 The optimum washout ( i n  terms of' performance close t o  "real 
world, '' similar behaviorai parameters, significant motion 
attenuation (60 percent), and acceptable motion t ' f idel i tytf)  
was the combined attenuation and first-order washout. 
0 Various trends i n  parameters across t h e  motion conditions were 
apparent, and m e  discussed with respect t o  a comprehensive 
model f o r  predicting p i l o t  adaptation t o  various r o l l  motion 
cues. 
The detailed data base (spectra, remnant, describing functions, model 
f i t s )  are compiled i n  a separate docwnent available t o  interested researchers 
thrcugh AMRL-EM, 
INTRODUCTION 
Objectives and Background 
A j o i n t  experimental/anslytical e f f o r t  by the Aerospace Medical Research 
Laboratory (AMRL/EM) and Systems Technolcgy, Inc. (STI) was conducted t o  
define a p i l o t ' s  use of motion cues i n  moving-base simulators f ree  t o  rotate  
only i n  the roll degree of freedom. 
in t r ins ica l ly  spurious r o l l  3t t i tude or  "tilt" cue. 
duced by "washing out" the cab motion so the cab always tends t o  return t o  an 
upright orientation, although t h i s  d i s tor t s  the t rue angular motions. !he 
optimization of the washout cynamics t o  achieve the best compromise 5etween 
r e a l i s t i c  r o l l  ra te  cues and suppression o f  the spurious tilt cue i s  an impor- 
tant  facet of the immediate future work t o  be done i n  t h e  M L / E M  laboratory. 
This s i tuat ion provides the p i l o t  an 
This effect  can be re- 
The basic objective was t o  determine what form and degree of washout dy- 
namics achieve.; the highest simulation realism, while engendering t rue- to- l i fe  
behavior of  the p i l o t ,  and producing the correct performance effects  due t G  
environmental stressors.  Lcnger range objectives include the possible cor- 
relation of  these experixents w i t h  Gther ground-based simulations and l a t e r  
with in-flight experiments. 
To accomplish the above objectives t h i s  'Lv.vestigation had t o  consider two 
basic problems i n  moving-base simulation: the use of motion cues by the p i lo t  
i n  the actual ("real  world'lj case and the effects  of spurious motion sues i n  
modifying t h a t  usage i n  the simulatcr. 
task involved i n  the first problem i s  useful befcre proceeding t o  the second. 
A brief examination of the pi lot ing 
Consider a situai.lon o f  primary in te res t  t o  the k;r  Forqe - air- to-air  
combat - and focus upon the p i l o t ' s  respcnse t u  the dynmdc (non-steRdy) corn. 
ponents of motion. Assume t h a t ,  i n i t i a l l y ,  the p i lo t  has h i s  wings l ined up 
w i t h  those of a target a i r c r a f t  t h a t  he perceives agaiiist it murky o r  night-tine 
background (no horizon v is ib le ) .  
he can visual ly  perceire only the difference (error)  between the target ' s  
wings arid h i s  own. ..Fu*ther, the ~ l l n t  hcu t w o  tasks to perform, cften 
simltaneously : 
I n  t h i s  "impoverished display" :,Atuation 
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a. Regulate (suppress) disturbances, e.g . ,  due t o  gusts or swirls 
from the target ' s  wingtip vortices. 
role  i s  t o  reduce motions, and if  he suppresses the gusts 
with s m a l l  error,  the physical motions become small. 
I n  t h i s  task the p i l o t ' s  
b. - Track (follow) the target  r o l l  motions (e.g., by keeping one's 
wings para l le l  with the tar&&). I n  t h i s  task the p i l o t ' s  
role  i s  t o  produce motions, and if he tracks with small error, 
the physical motions become larger  (approaching the target  
motions). 
I n  the general case, where both inputs are  present, t i e  p i l o t  i s  faced 
with a continual conflict  between reducing disturbance motion arid protiwing 
correct following motions, The figure-of-merit ( a t  l e a s t  i n  air  combat and 
landing tasks) i s  primarily low zoll error  (and, perhaps, limited r o l l  accel- 
eration or  i t s  rough equivalent - aileron control deflection). 
multiple sensory feedbacks are involved, with more than one input, the problem 
i s  a inultiloop one, and t h i s  greatly complicates the control system anaLysis 
as well as the attempt t o  infer  the p i l o t ' s  behavioral ' 'structure" and para- 
meters, as will be demonstrated, herein. 
Because 
Most of the e a r l i e r  rcsearch i n  measuring the use of visual  and motion 
cues, such as tha t  of Stapleford, e t  a1 (Ref. 1) and Shirley (Ref. 2), tended 
t o  have e i ther  the target  input disturbance, as dominsnt, such t h a t  the 
possible cue conflicts were minimized. 
the separate visual and motion pathway dynamics by using rnrtthematically inde- 
pendent target  and dis txbance inputs comprising sums-of-sinusoids inter- 
lea-fed i n  frequency, then interpolating between frequencies t o  solve the 
simultaneous vector equations required t o  untangle the loops ( t h i s  process 
w i l l  be shown l a t e r  herein). However, these pioneering resu l t s  were not 
f i t t e d  i n  any form suitable for  eff ic ient  use. Trlus, the secondar3 objec- 
t ives  of t h i s  program were t o  iqprove the reduction and analysis oi m u l t i -  
sensory manual control data, find t o  structure and parameterize the resu l t s .  
Here, where the target  following and disturbance motions were comparable, i n  
bandwidth and amplitude, new techniqves were required. 
Stapleford, e t  PI were able t o  infer  
Such a s i tuat ion seem natural for an optimal control model of the hwnan 
operator, and Le rison, working with AMRZ experimenters has put for th  a f irst-  
cut a t  just such a model i n  Refs. 3 and 4. The forcing functions were e i ther  
target  inputs o r  disturbances, and effects similar t c  Stapleford's cind Shirley's  
were obtained. 
i s  valid i s  hard t o  say without more data on the a l l  important dual-input case 
t reated here ' 
Whether or not the i r  ( implicit ly) assumed feedback structure 
I n  aiiothe!: nppoach Zacharias (Ref, 3) has tackled the problem of sensory 
conflict  of visual  and vestibular sensors ir  conjunction with regulation of 
purely visua'., purely motiou or  conflicting cue situations,  and has speculated 
on a cue-corflict resolving model for  t h e  human cperator, in the yaw-only 
degree of freedom. 
apprcaches as these requires a very solid data base t o  exercise one's model 
against, z.nd t h i s  js s t i l l  largely lacking. I n  l i g h t  of the above needs, a 
Testing the va l id i ty  of such cue-conflict-resolution 
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OF POOR QUALITY 
t h i r d  objective was t o  establish a very solid and comprehensive data base, 
using inputs, controlled elements, and washouts that  were analytically t rac t -  
able and f a i r l y  linear, so t h a t  f i tu re  validation of cue-utilization models 
would be fac i l i t a ted .  
scope 
To meet these objectives, the AMRL Dynamic Environmental Shnla tor  (DES) 
was employed, which permits p i l o t  rol l ing motions with h i s  ro l l ing  axis hori- 
zontal (normal spurious tilt cues present) as well as v e r t i c a l  ( t i l t  cues 
absent). 
combat with a s e t  of f a i r l y  sluggish a i r c r a f t  r o l l  dynamics, so t h a t  motion 
cues would be useful. As w i l l  be described, the target  and disturbances were 
carefully desigried t o  provide strong motion-usage confl ic ts  as w e l l  as easy 
analytical  modeling. Several motion cases, ranging from full motion, various 
washouts t o  fixed base were included. Based on p r i o r  work, a plausible struc- 
ture  f o r  the p i l o t ' s  use of visual  snd motion inputs was proposed, and a newly 
developed technique was used t o  f i t  these model parameters quite precisely t o  
the frequency-domain data. 
Details are given later. The scenario selected was tha t  of air- 
We shDw how some of t h e  past  resu l t s  are  explained on the basis of dif-  
ferences i n  the apparent "opened-loop" transfer f'unctions f o r  target  vs. 
disturbance inputs,  despite ident ical  p i l o t  behavior w i t h  respect t o  e i ther  
by itself. 
TO obtain rel iable  measuremer.m, worth f i t t i n g  by the relat ively high- 
order models selected, extremely consistent p i lo t  behaviw i s  necessary. Tz;is 
was obtained by a combinat9.n of tbe sluggish controlled element (which had 
a f a i r l y  well-defined optimum strategy) and very well-trained subjects. 
The resu l t s  show clear answers t o  the questions raised ear l ie r ,  when 
analyzed with respect t o  various perfomance and behavioral (dynamic) para- 
meters, and some interesting trend6 are evident i n  the p i l o t  perremeters VS. 
motion measures, even for f a i r l y  small motions. Nevertheless, t h i s  report 
daes not attempt t o  interpret  these covariatjcns i n  terms of an overall  model 
of operator adaptation t o  pure and distorted motion feedbacks. 
EXPER-AL DESIGN 
Agprorch 
As noted i n  the introduction, there were two fp.;;ets of r o l l  motion-cue 
usage t o  be investigated: "real-world" motion Vs. no-motion and dis tor t ions of 
real-world motion by various washout f i l t e r s .  
where gradual bank angles resu l t  i n  translwLion of the a i rc raf t ,  there is no 
way to tell vertical. by seat-of-the-pants o r  other vestibular sensors. A set 
of r e a l i s t i c  rol l ing cues were provided by tipping the roll-axes of the s h -  
l a t o r  90 de6 nose upward so tha t  the spurious tilt cues were absent. 
full-motion at 91, cieg inclined r o l l  axie (F-90) case was given the msf. 
I n  the actual f l i g h t  case, 
This 
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practice and became t h e  "real-world" reference for  all other motion cases. 
comparing it with the stprtic case, tne basic effects of motion were revealed. 
To check effects  of t h e  conflicts between target  following vs. disturbance 
regulation, both forcing functions were given alone and together (dual. input) 
fo r  the F g O  case. 
then the dual input could be used throughout, with consequent savings i n  runs 
and data analysis, 
By 
If the dual case gave similar data as e i ther  input  alone, 
The washouts i n  roll-only simulator2 are used f o r  2wo main purposes, a) 
t o  reduce the tilt cues (largely a low frequency effect! and b) t o  reduce any 
or a l l  motions (accelerations, rates,  displacements) t o  f i t  into a limited 
capabili ty simulator, always w i t h  a horizontal orientation of the roll-axis. 
Consequently %he effects of simulcrted r o l l  only motions were covered by the 
f'ullmotion a t  0 deg r o l l  axis inclination and various washouts - a l l  selec- 
ted t o  give substantial  reduction i n  r o l l  displacement. 
To keep the number of runs within bounds, it was decided t o  keep constant 
t h e  p l a n t  and the spectrums o f  forcing functions; and t o  t r y  only one varia- 
t ion of' each washout f i l t e r  scheme. 
Control Tark 
Block Diagram - a scenario with high face va l id i ty  relevant t o  A i r  Force 
I n  a modern high thrust/weight fighter,  com- problems 18 air-to-air gunnery. 
bat  maneuvers take place a t  a l l  flight path angles, hence the horizon is 
re lat ively unimportant. 
match t h e  r o l l  angle of the target  a i rc raf t .  The p i l o t  i6 attempting t o  
follow an evasive target while a t  the same time he may be buffeted by gusts, 
a component o f  which could be wing t i p  v w t i c e s  of  the target.  To s impl i fy  
the simulation and subsequent modeling and interpretation, a compensatory dis- 
play (error only) was used and the subjects were instructed t o  minimize the 
bank angle error. 
The main cr i ter ion f o r  accurate tail chase i s  t o  
Fig. ;-a i l l u s t r a t e s  t h e  basic elements involved: %he Human Operator, 
Cmtrolled Zlement, and Washcut dyncuaics. 
t ha t  t h e  Motion Path sense8 physical ( i n e r t i a l )  bank angle while the Visual 
Path senses the error  between target  and task bank angle. 
"names" on the signals i n  Fig. 1 represent the Fourier coefficients and are 
used t o  label some power spectra and describing functions la te r  i n  t h i s  re- 
The multilocp nature is evident i n  
(The four-character 
port)  * 
Controlled Element 
The controlled element (Eq. 1 on Fig 1-1) represents an approximation t o  
the r o l l  dynamics of a fighter.  The Roll Subsidence mode, having I time con- 
stant of  I / I  .G = O,63 s@cJ i s  typical of a loaded fightor ( i . e . ,  w i t h  externrtl 
stores), This value wa8 selected a,' it would require a significant amount of 
lead generation by t h e  pi lot ,  because the Crossover-Law for hwnan operator 
equalization (e.g., Ref, 5) predicts that  i n  such cases the ideal p i l o t  lead 
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a. -0- 
' I  I 
I 
I CONTROLLED ELEMENT 
I (Computer + DES 1 
I Washout 
I 
I 
Physical Bqnk Angle1 
"WASH" 
b, Controlled Element Transfer Function 
Figure 1. HoXl Tracking Task Block Diagram and Z'ranufer F'unctian 
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would be about TL 
represent the unavoidable and measured resporise characterist ics of th.3 PES 
motion simulator, while the "Servo" Lag represents actuation lags  of a (poor) 
a i rc raf t  control system, It was raised t o  0.2 sec t o  prevent excessive accel- 
eration or  rate commands t o  the I)ES which would cause its drives t o  operate i n  
a partly saturated (hence nonlinear) manner. 
TR 4 0.5-0.7 sec. The "Structural Mode" and "DES lags" 
Analysis of t h i s  controlled elzment showed tha t  it requires a f a i r l y  
t i g h t l y  constrained 5 i lo t  equalization, with some lead t o  offset  the ro l l -  
subsidence l a g ,  but not too much o r  e lse  the s t ructural  mode and lag  elements 
would destabil ize the system. Thus, there was a clear ly  optbum control 
strategy f o r  the subjects t o  learn, which was important because they were 
not experienced pi lots .  
Forcing Functions 
Quasi-random target  and disturbance inputs were constructed from eight 
sinusoids each (Table 1 ) .  
integer number of cycles i n  the run length as shown. 
independent inputs, target  and dl sturhance frequencies were interleaved, yet  
each was approxhately evenly spaced on a log-frequency plot .  
choices were made the amplitudes were "shaped" t o  simulate a random noise 
process t h a t  wmld resul t  from white noise being f i l t e r e d  by the  shaping 
f i l t e r  forms given i n  Table 1.  Finally, these "shaped amplitudes" were 
scaled so as t o  give the l i s t e d  rms and peak amplitude values. 
The frequencies were selected so as t o  have an 
To assure s t a t i s t i c a l l y  
After these 
The ta rge t ' s  shaping f i l t e r  was selected t o  simulate a Low pass spectrum 
The disturbance's shaping f i l t e r  was selected typical of an evasive target.  
so that  under s t a t i c  conditions (and, as further shaped by the controlled- 
element) the spectral  content and rms -. dues would be nearly equal t o  that  
of the target, as seen on the error display. Thus the p i l o t  could not use 
input frequency properties tc. separate target motions from disturbance motions. 
Multiloop Pi lo t  Model and Identification Procedure 
Analysis. - The measurement problems involved i n  the  luultiloop system of  
Pig. l-a can be i l lus t ra ted  by examining the task error components result ing 
from target and disturbance inputs, shown i n  Fig. 2. 
First  consider the s t a t i c  case, where the Motion Path is  inoperative: 
M(ju\) = 0. 
that  given by l?q. 2 j n  Fig. 2 (for convenience, we h v e  dropped the arguments 
s = j c l )  i n  each of the inputs and transfer functions; E($jtu) = I., e t c . ) ,  
Then the task error vector (frequency response functqon) becomes 
Equation 2 has been written i n  the form of a conventional single loop 
system, wherein the [ 1 term i s  the closed-loop error-to-input describing 
function, so t h e  product V'Y, i s  recognized as the open-loop describimg 
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TABLE 1.  FORCING FUNCTIONS FOR DUAL INPUT RUNS 
1 S 
( S  +0.5)(s t 1.7)(s +5.0) (s  tc.5)(s +5. )  
.* 
TARGET 
(rms = 7.1 deg)* 
I I 
Run cy:lesti eng t I (rad/sec) lo = k B  1. del 
5 0.19 
13 0.50 
23 0.88 
37 
1 07 
? 82 
309 11.85 
I 
13.6 
11.6 
8.7 
5.6 
1 .o 
- 5.8 
-14.4 
-24.4 
DISTURBANCE 
(rms = .74 lb = 3.4 N)* 
Cycle s 
Run Length 
9 
17 
30 
49 
83 
141 
24 1 
41 0 
I SHAPING FILTER FORM 
w 
[ rad/sec ) 
0.35 
0.65 
7
1.15 
1.88 
3.18 
5.41 
9.24 
15.72 
AdB 
3 = 1.11: 
-a.6 
-16.5 
-13.6 
-1 1.4 
- 9.7 
- 9.2 
-1 0.0 
-11.7 
* For single input runs the values were increased by $:l 
t Run length = 163.84 sec 
finetion, GOL for  purely visual feedbacks. 
tude of GOL reduces tracking errors, etc.  
Recall t h a t  increasing the magni- 
Similarly, i n  hypothetical si tuations where t h e  operator would close h i s  
eyes and operate solely on motion cues (V = 0),  the task errors  would be given 
by Eq. 3 i n  Fig. 2. 
pressed. 
The input i s  unaffected, while the disturbances are sup- 
When both visual and motion paths are active the multiloop relationships 
become more complex, but can s t i l l  be writ ten so as t o  reveal the effective 
opened-lcop dynamics (similar to  Eqs. 2 and 3 ) ,  as shown i n  Eq. 4. Now, 
however, the "opened-loop" describing function for  errors (GI, of 
Eq. 48) contains the closed-motion loop 1/(1 + GQ for  the dis-  
turbance errors contain the sum of motion and visual effects  (V + MW)Y,. 
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Disturbance 
D 
Operator Vehicle 
A + -  
v 'c uc - Ce 
* 
+ Woshou t 
Note: All blocks and s igna ls  are vector f inc t jons  of frequency: 
E = E((fu) e t c .  
( E D  )CL 
For Visual only: (Static; M 0) -
(2) 
E = (1 - DY,) [, + 1 vu,] 
Open-loop DF: 1 % ~  for Visual b o p  alone 
For Motion Only: (Eyes closed; V 0) 
1 G + 3 1  E - =  I -DYc 
f Open-loop DF: GOL f o r  Motion Loop alone 
For Visual- Plus-Mot ion : 
1 
E = I -  [,; GI] + kDYJ [m] 
where "Opened-looprr DF' 8 
vy, 
1 + MWY, GI = 
(3)  
Figure 2. Closed-loop Error Relationships t o  Target and Disturbance 
Inputs f o r  Various Single and Multiloop Structures 
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In  the  s ing le  loop cases of Eqs. 2 and 3 a high-gain (V o r  M )  reduces 
A high-gain motion feedback ( la rge  M) reduces the  disturbance 
e r r o r s  via Eqs. 4a and 4c, hu t  increases the  t a r g e t  e r ro r s  
via 4a and 4b. 
e r ro r s ,  but  i n  the multiloop case there  i s  a conf l i c t :  
0 
0 
0 
A high-gain v i s u a l  loop ( l a rge  V)  reduces both e r r o r  components. 
The optimum s t r a t egy  ( t o  minimize E) i s  a complicated function 
of t he  spec t ra  of I and D'Y,, as wel l  as of Yc and I?. 
These are the ana ly t i ca l  expressions for  the  qua l i t a t ive  motion/visual cue 
conf l i c t  mentioned i n  the introduct ion.  Further, not ice  t h a t  ana ly t i ca l ly  
opening the loop f o r  either t a r g e t  o r  disturbance inputs  w i l l  give d i f f e r e n t  
apparent "opened-loop" descr ibing functions (Eqs. 4b vs .  )+c\ even with ident i -  
c a l V  and M operations i n  both equations. 
misinterpretat ion of results f o r  mostly-target o r  mostly disturbance inputs.  
This has l e d  i n  the  pas t  t o  some 
Finally,  it can be seen t h a t ,  knowing the  vehicle  and washout dynamics 
(Ye and W) and with simultaneous independent inputs  I and D, the  independent 
estimates of t h e  v i s u a l  and motion operations (V and M) are theo re t i ca l ly  
possible  i f  the  signals a r e  not confounded w i t h  noise. The temptation t o  
measure V and M from s t a t i c  and motion-only runs, respectively,  i s  precluded 
by the  adaptive nature of the  human operator.  I n  general ,  the  p i l o t  w i l l  
adopt d i f f e r e n t  parameter values  f o r  h i s  gains,  l eads  and lags i n  the above 
spec ia l  cases compared t o  the  combined case, as w i l l  be shown l a t e r .  
Model Structure  and Parameters. - The c r i t e r i a  for  se l ec t ing  the model 
s t ruc ture  were t h a t  it be: 
1 .  The simplest  form capable of capturing a l l  of the  s ign i f icant  
frequency-domain c h a r a c t e r i s t i c s  of the  measured data,  both 
with and without motion. 
2. Have components s t r u c t u r a l l y  r e l a t ed  t o  previously wel l  known 
visual-motor elements, such as neuromuscular (NM) and, central-  
nervous system (CNS) compocents, as w e l l  as motion sensing 
elements from a f f e ren t  ves t ibu la r  and propriocept ive s igna ls ,  
3 .  Compatible with p r i o r  manual-control models, e.g., those i n  
Ref. 5 .  
Figwe 3 d e t a i l s  t he  assumed p i l o t  model s t ruc tu re  and forms f o r  the  
Visual and Motion paths  of Fig. 2. 
"VISUAL PROCESSES" group are used t o  generate a l e a d  time constant (TL = KR/ 
KD) which p i l o t s  t y p i c a l l y  adopt t o  cancel the roll-subsidence mode i n  t h e  
control led element (Ref. 3 )  . The "integral"  term is  sometimes needed t o  
represent the  p i l o t  s trimming ac t ions  and other  low frequency behavior. 
(e.g., the  so ca l l ed  "a-effects"  i n  t h e  Extended Crossover Model of Ref. 5') 
The r a t e  and displacement elements i n  the  
- K R s  
Figure 3 .  Assumed Pi lo t  Model for  Roll-Only Tracking 
Extra Final 
- 
The extra visual  time delays account for  r e t i n a l  and central  (e.g., ra te )  
processing as well as computational and display lags. 
Visuol 
Error 
Visual 
The tilt, velocity and acceleration terms i n  the "MOTION PROCESSES" are  
t h e  simplest possible descriptors of the p i l o t ' s  use of physical bank angle. 
These are not intended t o  represent motion sensors d i rec t ly  although the 
velocity term i s  very similar t o  the output of the semicircular canals over 
the forcing f'unction frequency region. 
due t o  the l a t e r a l  specific force due t o  the t i l t e d  g-vector. 
The tilt angle cue KT i s  actually 
Common Path Control 
(Neuromuscular 1 Stick 
Force 
I + A,s t A2s2+A3sB "STlK"- 
Visuol 
Displacement Delays 
G ' W  
t'rM C - KO 
a 
I ntegrol 
The "ACTUATION PROCESSES" include a time delay and a th i rd  order neuro- 
muscular system, the l a t t e r  readily simplified t o  a second or even a f i rs t  
order approximation, as noted i n  the figure (e.g., for  a second-order system 
s e t  TN = 0, whence A3 = 0, A2 = 1p$ and A1 = ~ C N ~ N ) .  The delay terms T, 
and TM were actually modeled as first-order Pade polynomials, and by breaking 
up the net delays into two small portions the Pade roots (at  2/7) are  a t  
sufficiently high frequency t o  give an excellent fit up t o  over 10 rad/sec. 
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Identification. - The two "opened-loop" expressions i n  Eq. 4a can be 
used t o  identify the two unknown paths (Visual and Motion) only i f  the Target 
and Disturbance inputs are independent. 
sine waves t h i s  means that  there can be no common frequencies. 
precludes the direct  solution for  the unknowns (V and M) since the "opened 
loop" expressions cannot be evaluated a t  the same frequencies. 
was deal t  with i n  Refs. 1 and 2 by l inearly interpolating the measurements 
a t  the interleaved frequencies. 
cies i n  t h e  vicini ty  of l igh t ly  damped modes, where the transfer M c t i o n s  are 
not smooth. 
assumed f o r  the  Visual and Motion paths and the equations of motion are writ- 
ten for  aU. elements and loops, so that  i n  effect  the "interpolations" are 
made w i t h  appropriately shaped math models, The unknown parameters are then 
adjusted by the STI Model Fi t t ing Program ( M F P ;  described below) so as t o  f i t  
simultaneously the closed loop error and s t ick  describing f'unction responses 
t o  the Target and Disturbance inputs. 
For signals constructed as a sum of 
However t h i s  
This dilemma 
This can lead t o  d i f f i cu l t i e s  and inaccura- 
A different technique i s  used where specific model forms are 
The STI Model Fi t t ing Program was developed t o  fit high order multiloop 
models t o  frequency domain data (e.g., from Fast Fourier transforms and i s  
described i n  Ref. 7. It evaluates selected transfer functions from fixed- 
form adjustable-parameter equations-of-motion wr i t t en  i n  a special way such 
tha t  each adjustable parameter appears only once in  the "matrix-of-equations. I' 
Thus, t h e  influence of each parameter on any system response t o  any input i s  
available. The program minimizes the vector difference between model and data 
transfer f'uriction responses using a variety o f  steepest descent techniques t o  
minimize a cost function. 
amplitude weighting the difference i n  the rea l  and imaginary par ts  of the data 
and model responses. In the present case, f ive frequencies of the task error- 
to-disturbance, four of the stick-to-disturbance and f ive of a l inear  sum of 
error- and stick-to-target were f i t .  
of the data magnitude, thus each frequency was uniformly represented except 
that  the highest frequency of the stick-to-disturbance was weighted 10 dB less .  
This cost f'unction i s  evaluated by squaring and 
The amplitude-weighting was the  inverse 
Since the 
"opened- loop" 
coefficients : 
target  and disturbance are sums of sinusojds, the effective 
expressions i n  Eq. 4 were estimated using ra t ios  of Fourier 
gI (jw) I I  = E = (3) at Target frequencies, w 1  
&, (ju) I D  = 2 = (s) a t  Disturbance 
where the four character names PLNT, VERR, STIK and SERR 
( 5 )  
frequencies, ( 6 )  
WD 
are defined i n  Fig. 1 
and w i l l  be used t o  identify various responses i n  the remainder of t h i s  report. # 
To check the accuracy of t h i s  procedure an analog "autopilot" operation on 
both task error  and measured motion was mechanized on the DES setup and the 
recorded signals were processed thru MFP. Table 3 summarizes the resul ts  of 
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TABLE 3. ORIGINAL AND RECOVEKED PARAMETERS 
FOR DUAL AUTOPILOT 
KRs + KD e - T ~ S  
TVS + 1 Visual Path: V = 
51s + 5 
TMS + 1 Motion Path: I M  = 
t h i s  check, using the forms indicated.  
t i o n  t o  the  ne t  phase e f f e c t s  of var ious hybrid computation delays and high- 
frequency an t i -a l ias ing  f i l t e r  lags .  
t ha t  the  "dialed-in" ccmputer s e t t i n g s  d id  not accurately represent  the  effec-  
t i v e  parameters. Generally the recovered parameters i n  Table 3 a r e  qu i t e  close 
t o  the  nominal, such t h a t  a t r a n s f e r  funct ion p lo t t ed  from the  recovered para- 
meters would be indis t inguishable  from one p l o t t e d  f o r  the o r ig ina l  parameters. 
"he time delay shown i s  an approxima- 
Some e r r o r s  could be due t o  the  fact 
Washout Dynamics 
I n  addi t ion  t o  t h e  s t a t i c  (no motion) case ("ST"), and full-mot" cases  
with r o l l  axis a t  0 deg inc l ina t ion  "FO", and nose up 90 degrees, "F30"- #
four d i f f e ren t  washout schemes were tested: 
Purely Attenuated, "A" wherein t h e  p l an t  motions a t  a l l  fre- 
quencies were mult ipl ied by 1/2 i n  coinmanding the  DES. 
First-Order, "W1 !I; where the low frequency motions are at tenu-  
ated by a f i r s t -o rde r  high pass  f i l t e r  of t he  form: 
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where 
Khi - high frequency gain (near 1 .O) 
T = time constant ("break frequency" = 1/T) 
With t h i s  washout a s t ep  bank angle command re turns  experimentally t o  zero 
w i t h  a t i n e  constant of T sec. 
0 First-Order,  Attenuated, "W1,A"; a combination of the two fore-  
going washouts, with d i f f e ren t  ga ins  and break frequencies.  
0 Second-Order "W2"; t h e  low frequency terms are washed out  by 
second order  high pass f i l t e r  of the  form 
2 
*hi 
where 
o) = t h e  break frequency, and 
( = t he  damping r a t i o  ( typ ica l ly  .7) 
With such a second-order washout ai1 i n i t i a l  s t e p  bank angle re turns  with 
minimal overshoot with an effective delay ( t o  ha l f  amplitude) of (2(/w) 
seconds. A constant r o l l  r a t e  input  s t i l l  ends up a t  zero bank angle. 
The various washout parameters were o r ig ina l ly  se lec ted  t o  produce a 
reduction i n  rms roU amplitude t o  about 50 percent of t h e  fill motion case, 
based on a more-or-less a r b i t r a r y  a p r i o r i  assumption of a typ ica l ,  invar ian t ,  
second-order closed-loop p i l d - s i m u l a t o r  response t o  r o l l  commands, charac- 
t e r i zed  by a bandwidth of 3.6 rad/sec and a closed-luop dampifig r a t i o  of scL J 0.6. It was rea l i zed  tha t  i n  p rac t i ce  the  p i l o t  might change h i s  re- 
sponse cha rac t e r i s t i c s  f o r  d i f f e r e n t  washouts, but t h i s  procedure was used 
t o  s e l e c t  t he  d i f f e ren t  parameters on a more r a t i o n a l  bas i s  than (say) f ixed  
break frequencies of a l l  tne  washouts. 
In  the  simulation, inadvertent problems with mechanization of t he  f i l ters  
and DES response proper t ies  s l i g h t l y  modified the  intended wash-out dynamics. 
The ac tua l  response proper t ies  of t h e  washout plus  DES combination were f i t t e d  
by t he  appropriate  forms o f  Egg. 7 and 8 and t h e  e f f e c t i v e  washout-f i l ter  
parameters were extracted.  These a re  summarized i n  Table 11. Most of t h e  
effect ive parameters were close t o  the  intended ones, except f o r  t he  W2 high 
frequency gain which was 1.2 instead of  the 1.0 desired.  In  Table 4 the  cases  
are arranged in  order of decreasing magnitude of rms physical  roll angle, and 
t h i s  order w i l l  be  used thrcughout the  presentations t o  follow. 
Measurements 
A cDmprehensive set of measurements were made i n  an attempt t o  quant i fy  
a l l  aspects of t he  p i l o t ' s  performance, behavior, nnd e f f o r t .  
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TABLE 4. MOTION CONDITIONS AND WASHOUT DYNAMICS 
1. 
2. 
3. 
Performance Measures: 
of all signals, with emphasis herein on: 
force and physical roll-angle and rates. 
Overall s t a t i s t i c s  (mean, variance, m s )  
tracking error  s t ick  
P i lo t  Behavior Measures: Describing functions are the primary 
indicators of p i lo t  behavior. The f i t t e d  parameters are use- 
ful for  encoding eff ic ient ly  the data, but the actual plots 
are often most informative. We use the "opened-loop" describ- 
ing function, as they are the most useful and t i e  i n  with past 
experience on single loop systems. 
Subjective Evaluations: Each subject was given a questionnaire 
about h i s  tracking strategy, effects  of motion cues and, dif-  
ferences due t o  washouts. Because these were not experienced 
pi lots ,  no comparison t o  actual f l i gh t  could be made; instead, 
subdects were asked t o  compare the motion cues with those of 
the F'gO "real  world" case. 
APPARAWS Aw) PROCEDURES 
The experiment was performed on the Dynamic Environmental Simulator (DES) 
at the Aerospace Medical Research Laborat; ry a t  Wright-Patterson A i r  Force 
Base. The DES is a man-rated centrifuge with independent roll and pitch cab 
control. For t h i s  experiment only the r o l l  tracking motion was used, with 
the rol$-rate limited t o  90 deg/sec and the  r o l l  acceleration limited t o  90 
deg/sec . There are no l imits  on r o l l  angle in  the DES. 
Within the cab, the subject seat  was mounted such that  the r o l l  axis of 
Mounted on the seat was a rotation was roughly through the subject 's head. 
right-side-mounted force s t ick  fo r  vehicle control. 
that  when the r o l l  axis was 90 deg nose up t h e  hand was s t i l l  comfortably 
Over the st ick,  
The elbow was braced, SO 
The cab contained a compub?r generated display, Fig. 4, 
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"he DES i s  configured such tha t  the pitch gimbal is outside of the roll 
The cab pitched up 90 degrees was 
gimbal. 
affecting the r o l l  axis tracking system. 
used f o r  tne "real-world" condition, as  noted ear l ier .  
Thus it i s  possible t o  pitch the simulator nose up 90 degrees without 
~ e r l m e n t a l  Procedure 
Four healthy college students between 18 and 25 years of age were used 
fo r  the ewzriment. 
necessary. 
conditions. 
lasted 162 sec and the three conditions or  runs were presented i n  a random 
order each day. 
squared-error score for  that  run. - weeks, three t o  s ix  runs per day, a t  which time error  scores began t o  reach 
asymptotic levels. 
per condition were performed and time history data was recorded for subsequent 
analysis. 
None were experienced pi lots ,  so extensive training was 
Each run 
A t  the end of each run, subjects were presented t h e i r  mean- 
Training was first accomplished f o r  the s t a t i c  and two Full-Motion 
Tracking under each condition was considered one run. 
Training continued fo r  approximately three  
Once performance leveled o f f ,  four more runs per subject 
For the second par t  of the study i n  waich we investigated washout f i l t e r  
effects, we used the experimental design philosophy stated ea r l i e r  - that  
washout f i l t e r  effects should be ccmpared t o  the "real-world" motion cues 
as encountered i n  the f u l l  motion no-tilt-cue ca8e (-0). 
s t a r t  of the evaluation of each washout f i l t e r ,  we l e t  each subject first 
track i n  t h e  FgO condition for  on@ day. 
track normally ( r o l l  axis a t  0 deg) with a given washout f i l t e r  for  three 
days, four runs per day. 
f i l t e r  were saved for data analysis. The procedure was followed for each 
washout f i l t e r  investigated. 
to ld  the i r  scores for motivational purposes. 
Therefore a t  the 
Following t h i s  we had each subject 
The l a s t  four runs for  each subject with t h e  washout 
As i n  t h e  first par t  of the study, subjects were 
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Data Collection 
A hybrid computer system was used for :  display generation, forcing func- 
t i on  creation, on-line e r ro r  score computation, and time h is tory  da ta  collec- 
t ion.  From the  time his tory  data ,  root-mean-squared values and Fast  Fourier 
Transforms (FFT) of each time signal  were computed. From the  FFT's power 
spec t ra l  dens i t ies  and opened-loop describing h n c t i o n s  (e.g., Eqs. 7 and 8) 
were computed. The frequency response data reduction, based upon xhe sum of 
s i n e  waves generation, was similar to t ha t  employed i n  a preceding study 
(Ref. 3 ) .  
Comparisons among individual da ta  showed good cr nsistency, once su f f i c i en t  
t ra in ing  had occurred. 
runs of every subject were averaged (16 runs t r t a l )  by AMRII t o  give mean f 
standard deviation values for  model f i t t i n g  by STI. 
data t h a t  are  analyzed i n  the  following section on Results. 
Therefore, f o r  each motion condition, the  l a s t  four  
It i s  these averaged 
RESULTS 
Limited space precludes the  presentation, here, of a l l  the  reduced and 
averaged data. Instead we present typ ica l  time h i s t n r i e s  f o r  one subject,  
averaged spectra and describing functions for  a typical  motion case, and then, 
after demonstrating tha t  the  f i t t e d  t r ans fe r  fbnctions t r u l y  represent the  
data,  we present the "cpened-loop" curves fo r  various cases, and analyze the  
resu l t ing  performance and behavioral measures t c  answer the  questions i n  the  
Introduction. 
Typical Time History 
A pair of t ime-histories of the  various inputs and outputs fcr ccrres- 
ponding segments of s t a t i c  and full-moticm runs, i s  given i n  Fig. 5 .  For 
these plots ,  ident ica l  target  and dist.urbance inputs ( t c p  and bottcm t r sces )  
were used i n  each r u n ,  tc reveal t h e  differences mcre clear ly .  
fes tures  of the time h i s to r i e s  should be noted: 
The follcwing 
0 The disturbance input ,  which i s  summed downstream of the  
s t i c k  (and shown t o  the  same scale) i s  ef fec t ive ly  integrated 
by the  vehicle dynamics t c  y i e ld  r o l l  moticns cornpartible i n  
amplitude and frequency t o  the  t a rge t  input. 
0 I n  the  s t a t i c  cas0 the  r o l l  angle does n o t  follow the  t a rge t  
very well, because of these simultaneous, l a rge  disturbance 
inputs 
Compsris<n of the E and C traces fcir the s t a t i c  case (where 
only the  v isua l ly  displayed er ror  can be used) shows t h a t  
the  p i l o t  i s  using both e r ro r  dlsplacement and rate i n  h i s  
compensating cc n t ro l  actions. 
0 
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Comparing the motion case t o  the s t a t i c  case, the control 
response i s  cbviously a more aggressive and higher band- 
width (due t o  motion cues), while the tracking er ror  is 
reduced. 
(Not shown) There i s  a remarkable consistency i n  t h e  (p, 
E and C traces for repeated portions of the s m e  inputs, 
showing a highly input-coherent and consistent operator 
response, as w i l l  be shown by the reduced data, Inter .  
Frequency-Domain iata 
Examination of the individual error  scores and closed-loop describing 
functions showed t h a t  each of the subjects adopted similar behavior and so 
t h e  results could be validly averaged, without loss of significant de ta i l s  i n  
t h e  average. Thus, approximately four runs each o f  four subjects were aver- 
aged f o r  the data shown (a  few mns were drcpped due t data problems). The 
data shown here for the Full Motion Case with r d l  axis a t  0 degrees (FO) i s  
genuinely typical  of a11 the cases investigated and was n o t  selected as the 
best-examples available. 
3 e c t r a .  - Figire 6 shows power spectra fcr the con t ro l  stick, displayed 
error ,  and a i r c r a f t  bank angle. 
t ion  frequencies by the X symbols) i s  actually tln average over neighbcring 
(non-overlapping) estimstes. 
nal cc,mponants indicate that a l l  subjects had essent ia l ly  the  sme,  low vari- 
abi l i ty ,  behavior. 
very highest frequencies and implies a high coherency between the two inputs 
and responses. This pennits the major par t  cf the resp(7nses tc,  be described 
by linearized describing functions. 
i s  large a t  low target  frequencies ( t o  follow t h e  target)  while i t s  3po)etrurn 
a t  low disturbance frequencies (0) i a  lower, as desired. 
The remnant shnwn (plotted a t  forcing f'unc- 
!be small. standard devi:iti( nu showii frlr all sig- 
The signal-tc-ncise r a t i o  is quite good a t  a l l  but the 
Notice t h a t  the spectrum of @plant (+) 
Closed-Loop Describing Functions. - Figure 7 i l l u s t r a t e s  typical closed- 
loop describing funct ion data ( t c  which the model was f i t t e d  by the M F P  pro- 
cedure described ear l ie r )  for  thu  ea-ntrol. s t ick  and task errcr reepanses t o  
t r r g e t  and disturbance inputs. The frequencies used i n  the! model. fi ts  are 
indicated by the arrow8 labeled "Fitte& fieye".  
used for C?mpUtational ecc-nany. R preliminary snalysls indicated t h r t  t h e  
selected frequency respon3e p o i n t s  were the w 3 s t  sensitlvc indicators cf p l l c , t  
behavior 
Not all data p o i n t s  wtre 
Generally, tha clcsed-loop data exhibit very low var iab i l i ty  and the model 
f i t s  capture every nuclnc'e of 
meters and the various clossd-loop relationships (@.g., i n  Fig. 2). 
wiggles i n  the describing functions due t c  various low-damped modes, would 
greatly complicate simpla interpolations between target frequencies tc ,  obtein 
vectors at disturbance frequencies, as done by e a r l i e r  investigators !Fefr. 1 
the responses, using cne set  of mcdel para- 
Tha 
Model Fits. - Table 3 summarizes the modal parameters P i t  t o  the data for 
a l l  dual-input cases. Only nine of the twelve pbrmeters i n  Fig* 3 were 
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Figure 6. Typical Power Spectra for F u l l  Motion, Erect (Case FO) 
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Frequency (rad /see) Frequency (rad/sec) 
Z Target Input Data ( f l c r )  
- Model Fits 
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Figure 7 ,  Typical Closed Loop Describing Function Data and Model Fits for 
Full Motion, Erect (Dual Input, Case FO) 
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needed, as preliminary f i t s  showed t h a t  a second order f i t  was su f f i c i en t  f o r  
the neuromuscular mode (Q = 0) and there  appeared t o  be no e r ro r  integrat ing 
action (KI = PI = 0). 
ded Crossover Model) may have been due t o  presence of the  tilt cue i n  the  
motion cases with r o l l  axis  at C deg, but i t s  absence at  FgO and S t a t i c  con- 
d i t ions  i s  unusual. 
Lack of KI and PI ( the  so cal led *effect i n  the Exten- 
The addi t ional  columns i n  Table 3 d e t a i l  the  e f fec t ive  lead t i m e  constant 
i n  the v isua l  path (TL = KR/KD) and the e f fec t ive  time delay i n  the  neuro- 
muscular path (Te Note t h a t  the v isua l  d:i splacement gain, KD, 
nearly doubles when going from S t a t i c  t o  any Motion condition, and the  tilt 
sens i t iv i ty ,  KT, is negl igible  f o r  the  FgO case, as it should be, since no 
tilt cue i s  available.  
TM + A I ) .  
Gpened-Loop Describing Functions. - A number of other trends and co- 
variat ions among parameters a re  evident; however, these e f f ec t s  can bes t  be 
i l l u s t r a t e d  by using the "opened-loop" responses calculated using the measured 
closed-loop data along with the loop s t ruc ture  of Fig. 2 or the  parameters i n  
Table 5 w i t h  the  inodel of Figs. 2 and 3 .  Figure 8 shows the  resu l t ing  "opened 
loop" data  and computed model curve f o r  the F u l l  Moticn, FO Case. A s  with 
the closed loop responses the  model curve f i t s  the ac tua l  t'o,pened-lcopvf da t a  
very well  - it t ru ly  represents the data.  These da ta  and f i t s  f o r  t h i s  
example a re  typical;  i .e. ,  the  other cases show e f f e c t s  similar i n  kind, 
d i f fe r ing  only i n  degree. 
the  curve f i t s ,  as we w i l l  do i n  the remainder of t h i s  paper. 
Thus, comparisons among cases can be made using 
These x u l t i p l e  "cpened-loop" describing functions have a l l  of the appear- 
ance and significaxice of s ingle  open-loop t ransfer  mnctions,  and s i m i l a r  des- 
c r ip t ive  parameters apply. 
below: 
Some of these have been noted on Fig. 8, as  defined 
% = "unstable frequency" (180 deg phkse crossover). This 
s e t s  the max imum bandwidth of the  loop, and i s  the  
frequency a t  which osc i l la t ions  s e t  i n  i f  the  gain 
were fur ther  increased by KM dB. 
cue = "crossover frequency" (0 dB gain crossover). This 
s e t s  the  e f fec t ive  bandwidth o f  the  loop, and deter-  
mines the resu l t ing  s t a b i l i t y  margins. 
% = "gain margin" - allowable gain increase f o r  incipi-  
ent  loop i n s t a b i l i t y ,  
= "phase margin" - allowable phase lag for  incipient  
loop in s t ab i l i t y ,  
I n  Fig, 8, it i s  apparent t h a t  the  disturbance loop (dominated by the motion 
pathway) has a higher baridwidth and lower phase margin than the  t a rge t  loop 
(dominated by the  v isua l  pathway), 
w i : L l  be shown l a t e r .  
This implies lower tracking er rors ,  as 
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Figure 8. Typical  Ef fec t ive  "Opened Loop" Data and Model Curve 
for F u l l  Motion, Erec t  (Dual Input, Case FO) 
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The kinks i n  the dashed "asymptctes" i n  Fig. 8 show the poles (break 
downwards) and zeroes (break upward) of the model. The need for the rela- 
t ively high order pilot-vehicle model used here i s  clearly shown by the 
spread between the asymptote breaks and the model f i ts  as well as the dif-  
ferent asymptotes i n  each "opened-loop." 
Effects of Full Motion vs. Sta t ic  Conditions 
Figure 9 compares various performance measures for Full Motion and Stat ic  
cases. Variances are used because they can be partitioned in to  summable vec- 
to r  ccmponents due to: Target, Disturbance and Remnant. Concentrating on 
task error, Fig. 9b, for the STATIC Case, the error  components from Disturbance 
(D) and Target (T) inputs are essent ia l ly  the same, ref lect ing the dual input 
spectrum design objective mentioned ear l ie r .  
(FgO) case the target errors (T) are the same as f o r  a S ta t ic  cab, while the 
disturbance errors  (D) are much smaller. 
t o  the 0 deg (FO) case shows tha t  the target following errors  (T)  are reduced 
s l igh t ly  while the  disturbance errors are unchanged. 
For the Full  Motion a t  90 deg 
Going from Full Motion, a t  90 deg 
These basic trends i n  the tracking performance are explained by the 
changes i n  the opened-loop describing functions (DF) shown i n  Fig. 10, For 
the Target Input DF's the Supine and Sta t ic  cases having no tilt cues show 
essentially t h e  same DF (which resu l t s  i n  the same target  following errors) 
whereas the Erect case (with the  max imum tilt cue) has a smaller target error.  
For the Disturbance Input DF both motion cases (FO, B O )  have the same DF, 
which explains why the i r  "D" components were the  same i n  Figs. ga,b,c,d. 
ntrthermore, t h e  "Rate Cue Effect" (lower loop lags leading t o  higher cross- 
over frequencies with motion) leads t o  the motion/static performance effects  
denoted by the arrowsr 
cues t o  improve performance i n  two main ways. 
Thus Figs. 9 and 10 show tha t  t h e  subjects used motion 
The lower lags (and higher m) permitted by the vestibular 
sensory-motor loop enables, i n  effect ,  a "rol l - ra te  damper 
loop" t o  be closed by the p i lo t ,  thereby allowing a t ighter  
disturbance regulation loop t o  be used by him (n loop gain 
increase of about 2.7/1.7 = 1.6). Consequently, the dis- 
turbance variance i s  reduced significantly.  
The t i l t -cue  was used at low frequencies t o  provide a sense 
of zero reference and, thereby, t o  avoid d r i f t s  and over- 
shoots, the effects showing up as a low frequency phase 
reduction on t h e  target "opened-loop." 
Components o f  the Multiloop Describing Function Under Motion 
Fbrther insight may be gained into the complexity of the multiloop inter-  
actions and motion effects  v i a  Fig. 11, i n  which the f i t t e d  model has been 
used, via the loop structure and equations of Fig. 2, t o  examine: each 
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Figure 9. Effects of F u l l  Motion (Supine, Erect) end 
Static Cases on Performance 
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Figure 10. Effect of Motion Cues on "Opened Loop" 
Describing Functions (Dual Input Cases) 
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sensory loop individually (visual = dashed, motion = dotted) with the other 
simply turned off, and then the combined "opened-loop" (sol id  l i n e )  as dis- 
cussed ea r l i e r  i n  Section II-c. Remember t h a t  the "opened-loop" DF is  a com- 
plex vector function of V and M, as noted i n  the legend. 
Without going into detai ls ,  the key points revealed by Fig. 11 are as 
follows : 
The Disturbance Input loop (on right)  is  a simple vector sum 
of VYc and MYc. The f l a t  amplitude of the motion loop (dotted) 
shows t h a t  MYc acts  l i ke  a rol l - ra te  feedback loop with an effec- 
t ive  time delay, Te, appreciably less  than the visual loop ( for  
MYc; T e  4 .20 Sec, for VYc; Se 4 .20 + .13 = .35s). 
important crossover frequency region of 0.5-5.0 r/s, the i r  vec- 
to r  sum (solid) has an apparent 
This i s  consistent wi th  and "explains" the results of Stapleford 
(Ref. 1 )  and Shirley (Ref. 2). 
Over the 
even less than MYc alone! 
A t  low frequencies the Disturbance regulation (solid) i s  
dominated by (closest to) the visual loop at low frequencies 
and motion loop a t  high frequencies. 
The Target following loop (on the  l e f t )  i s  a more complex 
function of VYc and MY as seen i n  the equations in  the box, 
(The motion component ?I + YCM)" i s  shown dash-dotted to 
distinguish it from YcM alone. Here, the solid curve i s  the 
vector product of the two components). In both amplitude 
and phase, the Target following loop dynamics are dominated 
by the visual loop (dashed) a t  a l l  frequencies. 
A comparison (not shown here) of the purely visual s t a t i c  
case per se (dotted curve of previous Fig. 10) and the 
isolated WC (dashed curve of Fig. 1 1 )  shows t h a t  they 
are not the same. When motion is present, the visual 
loop can be (and i s )  operated a t  higher gains, a lbe i t  
with a s l ight ly  larger lead equalization (TL) and con- 
sequently larger T e e  (Per Table 5 ,  TL 4 0.89 sec and 
2 0.23 sec for  the ST case; while TL = 0.5'1 sec and 
Te = 0.20 + 0.15 = 0.35 sec for the FC Case). 
This  analysis of Fig. 11, and others l ike  i t ,  clearly shows that  one can- 
Instead the operator optimizes h i s  combined loop properties 
not simply add a motion feedback loop t o  the s t a t i c  case dynamics t o  get the 
combined result. 
for the case at hand. 
Bifects of Single vs. Dual Forcing Wctionrr 
For some fill Motion cases (FgO, FO), data were taken for  Target input 
done; and for  Case FgO, Disturbance input alone, t o  compare with the du&l 
input case, 
root-of-two t o  keep the rms input the same AS i n  the dual input case. 
When ei ther  input was used alone, it was increased by the square- 
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I n  general one might expect that  if the disturbance alone were present, 
the p i lo t  would adopt a different optimum behavior, because a l l  he would have 
to  do is to  suppress both the f e l t  and seen motions. 
get alone, the pi lot  might more agressively track the error, because the un- 
seen disturbances were absent. 
Conversely, for  the tar- 
The results, shown i n  the opened-loop describing function8 i n  Fig. 12, did - not follow these expectations! 
f i t t ed  t o  the corresponding 
thru every data point on both sets  of DF (e.g., see Fig. 8). 
data are shown relative t o  t h i s  dual-input curve in  Fig. 12, remembering that 
each of the data plots represents a different set  of runs. Somewhat to  our 
surprise, the single input data are not significantly different from the dual 
iiiput case, for the points generally l i e  within one symbol width of the curve 
and almost a l l  l i e  well within 2 1 standard deviation of the dual-input curve. 
For simplicity, the curve i n  Fig. 12 is  that 
input case, for which it passed precisely 
The single-input 
How can t h i s  be, i n  the  l i g h t  of the theoretical expectations discussed 
above, considering that a l l  pilots were given plenty of practice on every 
case, and noting that a l l  behaved similarly (evidenced by the low scatter)? 
Some hypotheses are: 
The "optimum" behavior was, perhaps fortuitously, nearly 
identical for the single and dual input cases. 
tion of l ieht ly  damped modes i n  the controlled element near 
the neuromuscular modes plus s t ick lags has been identified 
as the so-called "Pilot Induced Oscillation Syndrome" of 
Ref. 8. These res t r ic t  the degree of equalization which 
can be used by the p i lo t  t o  improve performance. 
he may be operating near th i s  constrained l i m i t  i n  a l l  cases. 
The combina- 
Consequently, 
The pi lots  were so overtrained i n  the dual case that they d id  
not adapt "optimum" behavior i n  the single input cases despite 
plenty of practice with it. If so, t h i s  raises questions 
with respect t o  the assumption that pi lots  adopt an "optimum" 
behavior. 
There was some error i n  the experiment, such that dual inputs 
were really present. 
the specified single input spectra and nus signals were present. 
We checked t h i s  and verified that only 
Here is an ideal, simple t e s t  case against which t o  validate the cptimal 
adaptation models (e.g., Ref. 4). The inputs are analytically tractable, the 
good model f i ts  show that the data are representable by linear, modest-order 
s ta te  equations, and the data are precise, have high signal-to-noise, and are 
internally self  consistent. Such a validation remains as a future task. 
Mcanwhile, this  result tentatively implies that the dual-input results 
shoald apply to  the single input situations, i f  the inputs and controlled 
elements are similar to those used herein. 
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Effectr of Motion Shaping (Warhaute) 
Having presented the resu l t s  on our f i rs t  question - tha t  of basic motion 
effects  vs. no motion, we! turn now t o  the second question: What are the ef- 
f e c t s  of various motion "shaping" (attenuations and/or washouts)? For t h i s  
purpose, t he  data will be restr ic ted t o  the dual-inpu+ cases, all w i t h  r o l l  
axis horizontal, i .e. ,  FO, W2, W 1 ,  WlA, ATT, i n  the order of decreasing recov- 
ered r o l l  angle. 
Figure 13 shows various perfcrmance measures for  these cases.2 Consider 
first the variance of  reccvered (measured physical) r o l l  angle, upM, ahown a t  
t h e  upper l e f t ,  each case broken down i n  terms of t h e  ccmponents due to target,  
disturbance and remnant. 
(o r  disturbance) alone, and t h e i r  sum. Ideally, the recovered variance would 
consist of only the target component (equal t o  a& attenuated by the motion 
shaping washout) and no disturbance or remnant portions. It may be recalled 
from Fig. 9 tha t  i n  the (real-world) *'F'-gOYy case t h i s  ideal is approached, in  
th::t the target component nearly equals the commands, while  t h e  disturbance 
and remnant portions were small fractions of that .  
Noted on the margin are the variances f o r  the  %arg@t 
W i t h  these standards in mind, l e t  us consider the effects  of various wash- 
outs. 
was t o  select  different  forms of motion washout, each selected (albeit 
crudely) t r  give the same attenuation of' rrll angle t c  about 30 percent of the 
basic, FO, case (i .e. ,  the target  roll variance of 1/4 of the basic level). 
As seen i n  Fig. 13a, t h i s  was achieved closely only fo r  the pura attenuat!.cn 
case ( q ~  Z 3.6 deg vs. % "he ATT computed r o l l  motions (shown 
daehed) were nearly equal lo the FO c u e ,  as were the other task performance 
medsures i n  Fig. 13 (s.g., tracking error and ccntrol force) imglying a close 
matching of t h e  visual and motion-loop behavior i n  the basic and ATT ca$@a, 
despite the lower magnitude of motton cues i n  the l a t t e r .  
ciert) distorted t h e  perceived motion cue8 (par the subjective questionnaire) 
and fa i led  t o  reduce t h e  motions as intended. 
that  t h i s  was due t L  the following reasons: 
As described i n  Section I1 on Experimental h s i g n ,  the overall schema 
7.0 deg). 
(More on t h i s  l a t e r ) .  
The Secc nd Crder Washcut (W2) (which greatly attenuate8 the lowest f'requen- 
Analysis of these resul ts  showed 
a. The washout was a comprcmlsc design* such that  the hi&h-fr@quency 
aaymptote magnified the  r o l l  angles (and rater;) above the  break 
frequency of .89 r/8 by B factor of about 1.2, causing the  r o l l  
r a t s  variance (Fig. 13-c), and high f'requency,,gortisns o f  the 
r o l l  angle variance, tc? be increased by (1.2)- = 1.4 re lat ive 
t o  the intended cam. 
* The DES i s  ci velocity system and a8 such would d r i f t  whenever (t cascade wash- 
o u t  wa8 used. 
the  desired caecade washout but a perfect mertch a t  b - t h  high an8 low frequen- 
cies was not possible. 
Ccnsaquently, a feedback scheme was devised that  approximated 
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b. The distortion of the fe l t  motions relat ive t o  the visual  
motions caused the p i lo t s  t o  perform even worse than i n  the 
s t a t i c  case. 
The other washouts were intermediate i n  recovered motion and plant motion be- 
tween the N l  and Attenuated cases. 
Attenuation reduces both the recmered r o l l  angles and r o l l  ra tes  i n  the 
same propxtion, but washout reduces mainly the low frequency components and, 
thereby, reduces the roll. ra tes  less than the r o l l  angles. This can be seen 
by comparing Figs. 13a vs. l3c for  the W2 and W1 cases, especially. 
Except for  the anomalous W2 case, discussed above, the performance meas- 
ures Df tracking error and control force were not significantly different  among 
any of the first order or atten:rated wash out cases (See Figs. 13b and 13d. 
&en the proportions of each variance due to :  target inputs, disturbances, 
and remnant were about the same as for  the f 'ull  motion case (FO). 
Further insight into the p i lo t ' s  tracking behavior under these washouts 
is given by the ogened-loop describing h c t i o n s  i n  Fig. 14. 
apparent that the disturbance-loop describing f'unctions are nearly identical, 
implying the following: 
It i s  immediately 
0 Despite attenuated, reduced-low-frequency motions, and phase 
distortions, the p i lo t  compensated t o  give the same opened- 
loop DF. 
0 In  the ATT case, the rms r o l l  angle was reduced from 7 deg 
t o  3.6 deg, the p i lo t  had double h i s  tilt and r o l l  ra te  gains, 
(KT, Kv) as verified by the f i t t e d  coefficients i n  Table 5 ,  
and summarized below: 
KA 9 - - KV -
FO 7O .022 ,070 .022 
ATT - 3.6' & fi - .028 
Ratio: (ATT/FO) .?l 2*55 1.07 1.27 
KT Case: 7
Despite the fact  that  the rms tilt angle i n  the ATT case 
represents a lateral-syecific-force cue of i e s s  than 
3.6/27.3 = .063 gy, the r o l l  ra tes  were apparently suffi-  
ciently high t o  be reaaily sensed and used t o  compensate 
f o r  the reduced motion cue over the FO case. 
On the l e f t  of Fig. 14 i s  the target-loop DF, where the following effects  
of washout are clearly apparent: 
0 the FO and Am cases are nearly identical f o r  the same 
reasons given above for  the invariant disturbance loop DF. 
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0 the other washouts induce (at low frequencies) higher ampli- 
tude r a t i o  and more phase lag as the washout degree is  in- 
creased from ATT, t o  W2. An analysis indicates t ha t  these 
trends re f lec t  f a i r l y  complex interactions similar t o  tha t  
of Fig. 11 (Left side). Note that  inserting a l o w  frequency 
washut  t o  the motion path (M i n  Fig. 11) causes the result-  
ing curve t o  start (at low frequencies) on the dashed curve 
and t ransi t ion t o  the solid curve with increasing frequency. 
These amplitude and phase trends explain the "Washout Effect" 
i n  Fig. 14. 
Optimum Washout 
One OR the objectives of t h i s  experiment vas t o  f ind t'ne opthum washout 
The desirable c r i t e r i a  are re la t ive tcj the for AMRL's roll-only simulators. 
Veal-world" case: 
b) similar p i l o t  behavior and performance. 
a)  significant reduction i n  r o l l  amplitude and rates, and 
Inspection of the foregoing resu l t s  reveals that  the clear  choice i s  the 
first-order a t temated washout (W1 A ) .  
based on the following comparisons with the 190 ("real-world" baseline) case: 
Figure 15 justifies t h i s  selection 
Large reduction i s  recovered roll-angle and r a t e  - as 
shown i n  Fig. 15a - with s i m i l a r  ?la.nt roll arigles and 
rates.  
Very similar tracking error  performance and control activity,  
as shown i n  Fig. 15b and l5c. Even the distributions of cech 
variance from target,  disturbance, and remnant inputs i s  
closely matched. 
The opened-loop describing functions, shown i n  Fig. l5d, 
are practically identical .  This i s  because the  effect  of 
tilt cue usage previously described i n  connection with 
Fig. 10, i s  almost exactly cancelled by the washout-break 
effect  noted i n  Fig. 14. 
(Not shown) The subjective coments were more favorable 
for  t h i s  washout than any other except pure attenuation. 
Thus, we recommend first-order attenuated washout for use on a l l  M L  roll- 
only type simulators. 
been determined, but the data suggest the following as l ike ly  t o  be both use- 
ful and satisfactcry to  p i lc t s :  
The degree t o  which t h i s  form can be extended has not 
0 
Attenuation factor of 0.5 to  0.7 
Break frequency of 0.3+ t o  0.5 rad/sec (Washout time-constant 
of 2-3 sec). 
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CONCLUSIONS 
This research has covered several very well trained subject 's  responses t o  
The resul ts  presented here support the follow- 
a var ie ty  of motion cases i n  a roll-only motion simulator, with simultanecus 
target and disturbance inputs. 
i n g  conclusions: 
1 .  Acrcss a l l  seven ccnditions the four subjects were very ccnsis- 
ten t  i n  the i r  tracking behavior and scores, providing an excep- 
tionally, reliable,  and definit ive data base worthy of detailed 
analysis, even beyond that  performed herein (e.g., on remnant 
effects).  
2. The multiloop model structure presented i n  Fig. 1, which has 
both visual, motion and ( a  common) neuromuscular dynamic ole- 
ments, proved capable of accurately f i t t i n g  the closed- and 
'*opened"-loop describing functions at a l l  measurable signal 
points within the loop. 
sum-of-sinusoids target and disturbance inputs the new STI 
Multiloop Fitt ing Program (MFP) provided ef f ic ien t  f i ts  of 
10 parameters in  a multiloop situation which had heretofore 
been very d i f f i cu l t  t c  f i t  because of the complex interactions 
involved between the visual and motion feedback paths. 
In combination w i t h  the interleaved 
3. Untangling the closed-multiple loop describing function data 
in  the **opened-loop" mariner shown here provides a ready com- 
parison with t radi t ional  single open-loop data. Similar 
effects  (e.g., the Crossover-law adaptive behavior) are 
shown for the dual input case, with the disturbance loop 
having the higher bandwidth (limited mainly by the controlled 
element and vestibular rate-sensing dynamics). 
4. After l o t s  of analysis and digesting of complex trends i n  
the various cases, the key t o  understanding it a l l  seems t o  
be the following: 
Given reasonable ra te  motion cues a t  frequencies 
above about 0.5-1 .O rad/sec, the p i l o t ' s  motion 
feedback system acts l ike  an adaptive ro l l - ra te  
damper with a bandwidth of nearly 3 rad/sec. 
tends t o  suppress disturbances but opposes target  
following motions, while stabil izing both loops. 
This 
The p i lo t  then uses sufficient extra visual com- 
pensatory (error  correcting) gain t o  fo l low target  
commands as well under motion as i n  the s t a t i c  
case, and with l e s s  remnant and disturbance ccm- 
ponents . 
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5 ,  The affects of motion are consistent with the prior work 
of Stapleford (Ref. l ) ,  Shirley (Ref. 2) and Levison e t  a1 
(Ref. 4), while extending t h i s  wcrk to  the new case of 
equally strong target and disturbance inputs  each having 
comparable apparent spectra a t  the display. 
6. 
7. 
The describing flrnctions and f i t t e d  t i l t -cue parameter 
clearly showed that; the spurious tilt cues from rol l ing 
with roll-axis horizontal are used, even though the rmS 
l a t e r a l  specific force was i n  some cases much l e s s  than 
0.1 gy. A very simple model for  the use of t h i s  cue i s  
given. 
small improvements i n  tracking perfcrmance i n  t h i s  random- 
input  tracking task. 
Nevertheless, use of t h i s  cue resulted i n  only 
The four types of motion washout investigated (second-order, 
first-order, first-order-attenuated, and purely-attenuated) 
showed dis t inct  effects compared to  the “real-world” refer- 
ence case of f u l l  motion about a ver t ical  r o l l  axis; the 
second-order case was the leas t  desirable because of large 
differences i n  perfirmance, behavior, (describing f’unctions) 
and subjective ratings, 
s i m i l a r  performance measures w i t h  some small differences i n  
re la t ive remnant, describing functions, and ratings. 
The other cases provided roughly 
8. The p i lo t s  clearly adapted differently t o  the various wash- 
outs, thus complicating the job of predicting the net effects 
for  a given washout. 
9. The optimum washout for  roll-only-simulators (from the stand- 
point of performance, behavior and ratings similar t o  the 
“real-world” reference case) was clearly the first-order, 
attenuated washout. Recommended parameters (for t h i s  type 
of task) would be: attenuation factor 0.5-0.7, and washout 
time-constant of 2-3 seconds (break a t  0.3-0.5 rad/sec). 
The data base for t h i s  paper i s  being prepared for  permanent f i l ing  and 
general access a t  the U.S. Defense Documentation Center (DDC); and may be 
requested through the third author, a t  AMRL. 
It would be interesting and f ru i t fu l  t G  analyze and model the remnant por- 
t i o n  of these data, using the closed-loop spectral data available (e.g., as i n  
Fig. 6 ) .  
sentable by f i l t e red  white noise, various optimal-contrd-theories could be 
tested against t h i s  very consistent, accurate, and definitive data base. 
Finally, using these model and parameters (which precisely fit almost every 
data point,) various analytical manipulations of the data can be performed t o  
gain further insight about p i lo t  adaptation t o  motion cues and washouts. 
Because the inputs were carefully selected and shaped t o  be repre- 
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Introduction 
A problem of interest in the design of simulators is the development 
of a design criteria such that the simulators can be adjusted until they 
emulate real world situations, In this paper such a design criteria is 
obtained to compare two simulators and evaluate their equivalence 
or credibility. In the subsequent analysis the comparison of two simulators 
can be considered as the same problem as the comparison of a real world 
situation and a simulation's representation of this real world situation. 
The design criteria developed here involves modeling of the human 
operator and defining simple parameters to describe his behavior in the sim- 
ulator and in the real world situation. In the process of obtaining 
human operator parameters to define characteristics to evaluate simulators, 
measures are also obtained on these human operator characteristics which can 
be used to describe the human as an information processor and controller, 
Such modeling is motivated by the work of Fitts [l], Senders [2 ] ,  Verplank 
[ 3 1 ,  and others. First a study is conducted on the simulator design problem 
in such a manner that this modeling approach can be used to develop a 
criteria for the comparison of two simulators. 
Symbols 
Stick response of the human operator, 
The Kalman filter's best estimate of ST(t), 
The residuals, innovations, or modeling error. 
An approximation to signal power generated by the human, 
An approximation to noise power generated by the human. 
503 
Symbols 
1Q 
KO 
A 
'k 
BW 
The closed loop error signal and its Laplace transform. 
The discrete state transition matrix. 
One standard deviation of a parameter estimate. 
The Kalman Gain matrix. 
The system gain matrices. 
d State variables which describe ST(t) and zt ST(t), 
!klcziGwu covariance matrices. 
Sample covariance function (from the data) 
Sample, normalized autocorrelation function. 
An approximation to bandwidth of the human cperator e 
THE SIMULATOR DESIGN PROBLEM 
In the comparison of two simulators or in the comparison of a simulator 
with a real world situation, an assumption is made a8 follows: 
Assumption (1): 
"model characteristics" a8 the human operator in Simulator B.  
the modeling procedure. An alternative problem that can be solved via thie 
procedure is the validation of a simulator in comparison to a real world 
situation. In this case the definition of simulator credibility ia best 
described by aesumption (2) 
Simulator A - Simulator B if the human operator in Simulator A has the same 
The key term, %ode1 characteristics" will be more explicltly defined via 
As sump t ion (2) : 
Simulator A - the real world if the human operator in Simulator A has the 
same "model characteristics" as the human operator in the reel world situation. 
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I n  prac t ice ,  the  usefulness of assumption (2) has app l i ca t ion  i f  i t  is 
poss ib le  t o  take da ta  i n  the  real world s i t u a t i o n  as w e l l  as i n  t h e  simulator.  
I f  t h e  simulator can be adjusted so t ha t  t h e  human operator  parameters i n  t h e  
real world s i t u a t i o n  are c lose  t o  t h e  human operator  parameters i n  t h e  simula- 
t o r ,  then the simulator has rep l ica ted  the  real world s i t ua t ion .  This agrees  
i n t u i t i v e l y  with t h e  d e f i n i t i o n  of a r e p l i c a t i o n  of an experiment. A r ep l i -  
ca t ion  of an experiment is simply two empirical  runs of d a t a  i n  which some 
va r i ab le  shows consistency i n  both of t he  two empir ical  runs.  I n  t h i s  case 
the  var iab les  t h a t  are t o  show consistency are the human operator  model 
parameters. I f  these  parameters show consistency between t h e  real world 
s i t u a t i o n  and the simulator, then the  simulator has r ep l i ca t ed  the real 
world s i t ua t ion .  I f  the human operator appears the  same i n  both t h e  simulator 
and i n  the  real world s i t ua t ion ,  and he rates the two t o  be the  same subject-  
ively,  then the simulator has reproduced t h e  desired environment from t h e  
point  of view of the  human. 
The da ta  base used t o  study the  measures of simulator c r e d i b i l i t y  
involves a washout experiment as discussed i n  [4]. This experiment provides 
a unique opportunity t o  study how w e l l  the simulator r e p l i c a t e a  the  real 
world s i t ua t ion .  
THE G-VECTOR TILT WASHOUT EXPERIMENT 
The G-Vector t i l t  washout experiment conducted a t  t h e  Aerospace Medical 
Research Laboratory provides a da ta  base t o  inves t iga t e  t h e  simulator 
c r e d i b i l i t y  question. The da ta  base used here involved a l a r g e  cent r i fuge  
which has the  c rp3b i l i t y  cf posi t ioning t h e  t o l l  axis  normal t o  the  e a r t h ' s  
g rav i ty  (cal led 0 ) or  yarellrl. with che e a r t h ' s  g rav i ty  vector  i n  which the  
subject  i s  on h i s  back or  sup ine  (cal led 9O" j .  Six experimental condi t ione 
were considered i n  t h i s  study. 
0'. Conditions (Upright Posi t ion)  90' Condition (Subject on h i s  beck) 
0; Motion 90' Motion 
Oo Washout - Attenuation only 
Oo Washout - 1st. order washout 
0, Washout - 1st. order + a t tenuat ion  
0 Washout - 2nd. order 
As the  subject  mcrkes a command s t i c k  response, the  simulator r o l l s  t o  
simulate an a i r c r a f t  i n  a banking maneuver. It is  obvious tha t  i n  the  0' 
(upright) motion case the human has both tilt cue information a s  w e l l  as 
angular acce lera t ion  cue information. In  the  90° (subject  on h i e  back) 
motion case,  t he  human does not have the  tilt  cue information. The four 
washout condi t ions were conducted a t  Oo (upright pos i t ion)  and a washout 
c i r c u i t  was in s t a l l ed  between the s t i c k  response and the  p l a n t ' s  r o l l  
c h a r a c t e r i s t i c s  (Fig. (la-b)). The e f f e c t  of the  washout c i r c u i t  is t o  
d i s t o r t  the motion cues t o  the  human. 
i b i l i t y  problem is that the  "real world" is defined as the  90° motion case. 
The manner i n  which t h i s  da ta  base is equivalent  t o  the  simulator cred- 
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The question is then asked, Shich washout scheme a t  0" is  c loses t  t o  the real 
world 90" motion case? The 0 washout conditions contain reduced tilt cue 
information and also contain some d is tor ted  motion cues from the  washout 
c i r cu i t s .  The modeling procedure which enables the  determination of an equiva- 
lence def in i t ion  between two simulators is presented next. 
THE MODELING APPROACH 
Figure (2) i l l u s t r a t e s  how the modeling approach was conducted here,  After 
the data  was col lected from the  various experimental conditions a poet 
experimental analysis  was conducted with a model developed i n  such a manner 
thtat the  human operator can be modeled a s  an information processor and control ler .  
With reference t o  f igure  (2), the  input t o  the model is the  time series e( t )  
(the displayed e r ro r  s ignal) .  The purpose of t h i s  modeling approach is t o  
choose model parameters such that the model's output Q(t)  is an accurate 
representation of the  measured s t i c k  response of the  huntan. The measure of 
modeling accuracy is expressed in the residuals or output laodeling e r ror  v ( t )  
which sa t ia f  ies: 
I f  the  model is appropriately f i t t e d  t o  the  data ,  then v ( t )  should be B 
random white process which s a t i s f i e s :  
It w i l l  be necessary i n  the aubsequent analysis  t o  test v(t )  for whitenema 
and determine R of equation (3) .  X f  u ( t )  is a random white process, then 
the expected value of the modtl. is equal t o  the  expected value of the  
human'@ output. This ia one method t o  va l ida te  such a model. A simpla model 
s t ruc ture  i c r  diacusscd next t o  describe the human's charac te r ie t ics  of interest. 
A SIMPLE MODEL TO DESCRIBE H W  OPERATOR CHARACTERISTICS 
It is deeirad t o  develop a node1 t o  character ize  the  human operator 
parameters of interest for this study. From previous s tud ies  [5,6], other rim- 
p l s  representations of the human which have appl icat ion i n  spec i f ic  s i t ua t ions  
have been developed. In  t h i s  paper a mbdcling approach will be used 
that  w i l l  give rise t o  simple methods t o  chaxacter i te  human operator parameters 
across several  experimental conditions (or simulator designs) These 
modeling characteristics turn out t o  be analogouo to  an information theory 
representation of the  human. Using the  def in i t ion  of channel capacity: 
(4 1 StN channel capacity = Bandwidth * logl0 ( 7 ) 
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The Bandwidth term is analogous t o  speed and the  term log lo(^) is analogous 
t o  accuracy, I f  the human operator has characteristics similar t o  an informa- 
t i o n  channel, one would expect a product of t he  form of equation (4) t o  be 
invariant over severa l  experimental conditions. It is then necersary t o  
determine only two c h a r a c t e r i s t i c s  of the human operator i n  t h i s  representa- 
t i o n  of reaponses. To determine bandwidth, use is made of the  human descr ibing 
function p lo ts .  I n  the determination of the accuracy measure, a Kalman f i l t e r  
must be used. 
measure of human operator s ignal /noisc  r a t i o  can be determined. In t h i s  
modeling procedure, t he  Kalman f i l t e r  is i n i t i a l l y  spec i f ied  t o  have input- 
output Charac te r i s t ics  similar t o  thoae obtained from the  descr ibing funct ion 
with the  addi t ion  of some phase l a g  t o  account f o r  t he  time delay of t h e  
human. The unknown Kalman gain coe f f i c i en t s  (which represent  the  uncertainty 
terms o r  covariance matrices) are updated [ 7 ]  i n  such a manner that the  
retiiduals u ( t )  are white. The s igna l  t o  noise r a t i o  can then be approximated 
by : 
From f igu re  (3),  it i r  desired to  have a mathod by which an approximate 
N 
n 
I t  is noted tiiit the variance of the  res idua ls  v ( t )  are a measure of human 
uncertainty with respect t o  the e r ro r  s igna l .  This is true because the 
Kalman f i l t e r  output R( t )  is  t h a t  port ion of the s t i c k  response correlated 
with the  e r ro r  s ignal .  The res idua ls  u(t)  are tha t  port ion of the s t i c k  
output not correlated with the e r ro r  s igna l .  This def in i t i on  of human uncer- 
t a in ty  d i f f e r s  from the c l a s s i c a l  de f in i t i on  of remnant [8,9] which i s  defined 
as tha t  port ion of human reaponse not correlated with the input forcing 
function. This de f in i t i on  of human uncertainty is concarned with that pa r t  of 
the human response which is t o t a l l y  non-productive i n  reducing the  e r ro r  
s ignal .  This i s  easily 8681: t o  be t rue  by noting t h a t  u ( t )  when paased 
through the p lan t  and around the  loop still  i s  uncorrelated with the  e r r o r  
Rignal. Hence i t  cannot construct ively be used t o  reduce the  e r ro r  s igna l  
because of its orthogonality t o  it. This measure of  human Uncertainty is a 
true masure of human output not usefu l  in the track:.ng task.  Next, a descrip- 
t i on  of the measures of bandwidth and accuracy obtained from t h i s  modeling 
procedure are presented. 
CALCULATION OF BANDWIDTH 
In  the computation of  a measure of the  bandwidth of the  humair operator,  
severa l  d i f f i c u l i t i e s  ex i s t  i n  attempting t o  treat the human as an information 
channel [lo]. This is due t o  d l f f i c u l i t i e s  i n  determining the  t rue  descr ibing 
function from measured da ta  var iab les  and the e f f e c t s  of co r re l a t ion  between 
the humn'e remnant response and portion6 of the  measured e r r o r  s ignal .  In  
t h i s  paper severa l  approximations w i l l  be made. Figure (4) i l l u s t r a t e s  :'re 
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descr ibing function of the human f o r  the  0' motton case. Across the  six 
experimental condi t ions considered here,  the  shiipe of the human operator 
descr ibing function remained essentially the  same; t h e  major change between 
experimental condi t ions was only due t o  t h e  doc .  gain values  where the  
describing function was a t  a maximum. The ensuing analysis was conducted on 
the spectrum generated by the  ta rge t  frequencies. The reason It Is necessary 
t o  work with the  t a rge t  frequencies is that i f  t h e  t a rge t  forcing function 
were zero, the  descr ibing funct ion of t he  human operator obtained from only 
the  human operator response (or  f o r  small values  of dis turbance input)  is 
j u e t  equal t o  - l /plant .  This r e s u l t  I s  well known [10,11]. 
From the  t a r g e t  spectrums a l l  experlmental cond:ltione are ra ted  i n  order 
of t h e i r  maximUm gain value ( t a b l e  1). From t a b l e  X it is 8een t h a t  00 s t a t i c  
has the  lowest gain value. The l a r g e s t  frequency the human w i l l  pass for  t h i s  
value of gain i s  now determined f o r  each experimental condition. 
frequency a t  which the  human w i l l  respond with gain of 0.5 db. In  other words 
across  a l l  experimental conditions,  tho range of frlequenciea (from 0.0 radians 
and upward) is  obtained c h a t  the human w i l l  pass with gain g rea t e r  than 0.5db. 
In  t h i s  manner a normalization is conducted on one experimental condition ver- 
s u s  t h e  remaining experimental conditions. This is ;i l o g i c a l  d e f i n i t i o n  of 
human bandwidth and i s  one of many possible  methods t o  approximate the  bandwidth 
of a cont ro l  s y s t e m  112). Measures of human u n c e r t e h t y  i n  t racking a re -de t -  
ermiPed nact. 
This d e f i n i t i o n  of the  human operator bandwidth is the  highest  
- 
1G 
c_1 
2.0 
0 .3  
1 
0.7 
1.1 
0.8 
-- 
1.1 
- 
1.0 
Ex pc r i inen t Q 1 
Condition i n  db 
Maximum Gain 
0' Motion 10.8 Kadr'Scc I 
Bandwidth 4 ltigelet Frequency 
where Rain ?- 0.5 db 
1 4.8db 9.8 RaJlSec W W l  rout I httuniiation only 
0' S t a t i c  
3.5db 9.2 Kad/Sec wadrout Ist Order I 4- A t  tclluation 
0 5db 7.3 Knd/Sec 
- 
2 9db 0.3 RndfSec Washout 1st Order 
"b- -__c 
3.3db I 0.2 Kad/Scc 
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MEASUREMENT OF ACCURACY OR SUBJECT UNCERTAINTY 
With reference t o  f igu re  (5) i t  is desired to  update t h e  model parameters i n  
such a way tha t  the innovations sequence v ( t )  is a white,  random process. 
The method of updating the  parameters is based on an algorithm [ 7 ]  which is 
ac tua l ly  a maximum l ikl ihood procedure, In  this manner a unique value of the  
optimal gain can be determined which maximLz,es t he  probabi l i ty  densi ty  funct ion 
of the  s t ruc tu re  of the assumed model based on a l l  t h e  ava i lab le  data  points .  
The optimal gain is  the pr inc ipa l  p a r t  of the  d i s c r e t e  Kalman f i l t e r  model 
which is described by: 
+ [AiA'drB co l  [e  (t) z( t )  ] (€) * i+l/i = 4 
0 
where* 
matrix 41 is the  d i sc re t e  t rans ic ion  matrix associated with the  human's t r ans fe r  
function determined zs folrows: 
is the  minimum variance estimate crf the human's s t i c k  response. The 
i/ i 
L e t  
i.e. a f i t  of one zero and vo poles is  conducted on t he  human's t ransfer  func- 
t i on  t o  the  describing function data  (Bode p l o t ) ,  The coe f f i c i en t s  a ,b ,c ,  and d 
are a+.justed t o  t r y  t o  match the  phase da ta  as w e l l  as  the  magnitude data. Im- 
p l i c i t l y  the  human's time delay has been included i n  the  representat ion (8) 
throdgh the adjustment of the parameters b and c. Future work w i l l  be  done 
$ = e  
where At4 .04  seconds ( the  sampling rate) and the  matrix A 13 determined via:  
t o  study more exact fits. The matrix 4 is t t e n  determined v i a  Ant 
where 
xi(t) - ST(t )  
and equation (9) i s  the time domain representat ion of equation (8). The 
matrix H i n  uqudtion (7) is specif ied by Y = [ l , O ] .  The Kalman gain KO 
s a t i s f i e s :  
KO 
= P H~ ( H P H ~  +- ~ 1 - l  
P - t$ [P-PHT(HPHT t R)'l HP]OT + Q 
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where the  
the tracking task.  The manner of obtaining t h e  Q and R matrices is based on 
the algorithm i n  [7]. I n i t i a l  matrix values  denoted as Qo and Po are chosen. In 
order t o  e s t a b l i s h  the  updating r u l e , i t  is necessary to def ine  the  sample cov- 
a r iance  function. 
covariant-ematrices Q and R describe the  human's uncertainty i n  
Let :  
is a sample covariance function. The matrices R and Q are now updated [7] via :  
T 
\ = 2 - H(PkH ) 0 
where PkHT = K f? + A  * [+Lj e7
0 0  
-T- -19 where A* = (A A) A 
and 
and f i n a l l y  Q is determined via:  
T T  T T  
Qk = P - 4-K 4 - +(I-KH)P(I-KH) 4 
This algorithm has been shown t o  converge [7] and i s  equivalent t o  maximizing 
the  log-likelihood function of the model s t ruc tu re  conditioned on the  data .  
r e s idua l s  f o r  whiteness. To accomplish t h i s  goal t he  normalized auto correla- 
t i o n  f u n c t i o n e k  is computed as follows: 
The f i n a l  va l ida t ion  of t h i s  modeling e f f o r t  is t h e  need t o  test the  
0 
The test of whiteness of the res idua ls  is  a 95% whiteness test o n p k .  The 
95% confidence l i m i t s  f o r  
The band t 1 . 9 6 / w  is  constructed about zero. I f  less than 5% of the  sample 
points  l i e  outs ide the  band, t he  sequence is white. I f  more than 5% of the  
sample poin ts  l i e  outs ide the band, then a s ign i f i can t  co r re l a t ion  exis ts  i n  
the  res idua ls  and the  sequence is not white. Figure (6) i l l u s t r a t e s  t he  
sample auto-correlation function obtained here from t h e  da ta  a f t e r  t he  
res idua ls  have been whitened v i a  t h i s  algorithm. 
are 1.96/ where N is t he  number of samples. 
RESULTS FROM THIS ANALYSIS 
Figure (7) represents  the  type of diagram obtainable from t h i s  type of 
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analys is  procedure. The v e r t i c a l  a x i s  is a p lo t  of t h e  measure of bandwidth 
as shown i n  Table I. The hor izonta l  a x i s  ind ica tes  numerical values  of 
the  accuracy measure or  S/N r a t i o  obtained here. Also plo t ted  is t h e  curve 
of constant capaci ty  based on t h i s  ana lys i s  procedure. The numerical values  
r e su l t i ng  from t h i s  inves t iga t ion  of the da ta  are given i n  Table 11: 
Table I1 - Speed - Accuracy Resul ts  
l a  
loglOS/N 
10 l'i? I of BW EXP Condition Mean Capacity BWxloglO(l+S/N) 
0' motion llO.8 I 2.0 
Washout 
2nd Orde r  
- I I 
I 
8.2 1.1 
I 9.8 1 0.3 Washout Attenuation only 
082 
90" motion 
Hashout 1st order  
t Attenuation 
27.634 
Rashout 
1st Order I 8.3 I 0.8 
Also p lo t ted  i n  f igu re  (7) is  the 
N=Mean 
log10S/N 
3.265 
3.278 
3.358 
3.378 
3.373 
3.412 
invar ian t  
34.346 
088 31.719 
31.5025 
30.79 
27.813 
BW * loglO(l+S/N) = Constant = 30.6 (11) 
The constant 30.6 is the  mean of t h e  values  of capacities obtained i n  the  
r i g h t  most column i n  Table 11. From f i g u r e  (7) i t  is  noted that most of t h e  
experimental conditions f a l l  near t h i s  l i n e .  
f i d e l i t y  of a simulator i n  comparison t o  the real world data.  If 90° motion 
is considered the  real world s i t ua t ion ,  the  washout scheme c loses t  (dis tance 
wise) t o  t h i s  s i t u a t i o n  is  1st. order + at tenuat ion.  The other  washout 
schemes are sucessively fu r the r  away i n  t h i s  diagram and therefore ,  fu r the r  
from r e a l i t y .  The reason why it is sa id  t h a t  the  two experimental condi t ions bes t  
replicate each other is t h a t  t he  human exhib i t s  almost the  same bandwidth 
(or speed cha rac t e r i s t i c s  i n  tracking) and almost the  same uncertainty 
c h a r a c t e r i s t i c s  (as measured by the S/N r a t i o ) .  
Another i n t e rp re t a t ion  of f igu re  (7) is t o  consider the inverse problem 
associated wi th  modeling; i.e. given the  model parameters, can an 
analog simulation be b u i l t  which w i l l  recreate the  o r i g i n a l  empir ical  data.  
I f  t h e  human i n  the  loop were replaced by a quan t i t a t ive  descr ipt ion ' (e .g .  
Figure (7), by i t s e l f ,  is the  diagram which can be used t o  a s s e s s . t h e  
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bandwidth and S/N r a t i o ) ,  t he  analog simulations of t h e  90' motion case and 
washout 1st order + a t tenuat ion  would most c lose ly  r e p l i c a t e  one another. This  
is t r u e  because the  only d i f fe rence  between the two simulat ions would be  the  
parameters which descr ibe the  human operator.  I f  t hese  parameters are c lose  
t o  one another i n  some sense, then these simulations would bes t  match. This 
is t h e  motivation fo r  using f igu re  (7) t o  study simulator f i d e l i t y .  
1st. order + a t tenuat ion  bes t  matched the  90° motion case. The 0' washout 
condition provided tilt cue information but  t h e  1st. order  + a t tenuat ion  
washout f i l t e r  phase l a g  had t h e  e f f e c t  of d i s t o r t i n g  these  tilt cues 
s u f f i c i e n t l y  t o  r e p l i c a t e  the  90° motion case. For the  case of a t tenuat ion  
only, the  tilt cue had a n  c f f e c t  c lose r  t o  Oo motion (as expected). Also, as 
the  washout scheme added more phase l a g  (2nd order case), t h e  deviat ion from 
r e a l i t y  became more pronounced and t h e  human operator dropped h i s  bandwidth 
accordingly. 
3ne addi t ional  comment needs t o  be made about why the  washout scheme of 
Future Research 
The primary approximation used here  w a s  i n  the evaluat ion of human operator 
bandwidth. This approximation a l s o  e f fec ted  the  S/N r a t i o  because the A matrix 
in the  Kalman f i l t e r  depends on t h i s  approximation, Future research w i l l  
consider more accurate  methods of evaluating bandwidth and including human 
t i m e  delay. In  addi t ion,  a comparison w i l l  be made i n  the  ingormation rate 
obtained here  t o  r e s u l t s  from d i s c r e t e  tasks  ( approximately 3.0 b i t s / s e c  1133) 
and t o  other information measures obtained from v i s ion  [14], reading [15], 
and cont ro l  systems i n  general  [16]. Another approximation u t i l i z e d  here  was 
t h a t  the  S/N r a t i o  of the human was assumed t o  be constant  over the entire 
frequency spectrum. In  [33 t he  ana lys i s  procedure was a b l e  t o  study the  
capaci ty  measure across  the e n t i r e  frequency spectrum. The procedure consid- 
ered here can be extended i n  t h i s  respect .  Also, s ince  the ana lys i s  conducted 
here  only involved one subject ,  fu tu re  work w i l l  consider t h i s  ana lys i s  across  
d i f f e r e n t  subjects ,  and use w i l l  be made of these  measures of human invariance 
and subjec t ive  uncertainty i n  var ious t a s k  s i tua t ions .  
SUMMARY AND CONCLUSIONS 
A study of design r u l e s  f o r  the  evaluation of a s imulator 's  f i d e l i t y  t o  
the  real world s i t u a t i o n  was conducted. The measures of model parameters 
obtained here give rdse t o  information-theoretic models of the  human operator.  
It appears t h a t  an invariant rule may e x i s t  on the  human's a b i l i t y  t o  do 
information processing over a va r i e ty  of d i f f e r e n t  experimental conditions.  
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System Technology, Inc 
Hawthorne, Cslifornirr 
Research i n t e r e s t  i n  washout filters for motion simulator dr ives  arises 
out of a des i r e  t o  maximize the  f i d e l i t y  of motion cues presented t o  sirnu- 
l a t o r  p i l o t s .  Washout filters must s a t i s f y  two important, usual ly  conf l i c t -  
ing, requirements : 
1 The f i l t e r  (along with t h e  l imi t e r s )  must prevent 
t he  simulator from reaching t h e  mechanical limits 
imposed on displacement, ve loc i ty  and acce lera t ion  
i n  each axis. 
2. The f i l t e r  must reproduce Erctual motion cues with- 
out percept ible  d i s t o r t i o n .  That Is, motions con- 
t r i bu ted  because of' t h e  washout must be impercep- 
t i b l e  to the  p i l o t .  
The first requirement b a s i c a l l y  d i c t a t e s  integrated consideration of 
known motion base limits, ex i s t ing  limiter c i r c u i t r y  and t he  proposed wash- 
out design. The r e s u l t  should be a design which is not at crossed purposcs 
with the  limiters. 
physiology of motion perception. 
psychology has lend t o  rnodele of c e r t a i n  r.echaniam6 for notion perception, 
ancl hars greatly sharpened our knowledge of huwn motion p r c e p t i o r .  capabi l i ty .  
These capab i l i t i e s  ( o r  lack thereof )  can then be exploi ted by the  washout 
designer i n  f u l f i l l i n g  the second rcquirermnt. 
The second requirement, however, demands knowledge of t h e  
Research i n  engineering, physiology and 
I'he first sect ion of t h i s  paper presents  an overview of som of t h e  
promising washout schemes which have recent ly  been devised. 
presented fa l l  i n t o  two bas ic  confieurat ians;  crossfeed and crossproduct 
Various nonlinear modif icht ions f u r t h e r  dif . ferent ia te  t he  four  schemes. 
The four schemes 
The second sec t ion  of t h i s  paper discusses one nonlinear scheme i n  
detail.  
up simulator  cab ccn%ering. It expl.oits so-called perceptual  indifference 
thresholds  t o  center  t h e  simulator cab a t  a faster rate whene-.vv the i n p t  
t o  the simulator is below the  perceptual  indifference leve l .  Pie e f f e c t  is 
t o  reduce the angular and t r a n s l a t i o n a l  sirnulator motion by comparison with 
t h a t  for t h e  l i n e a r  washout caseI 
This  washout scheme takes advantage of subliminal. motions t o  speed 
5 2 1  
The f i n a l  sec t ion  of t h i s  paper presents t h e  conclusions and implications 
f o r  fu r the r  research i n  t h e  area of' nonlinear washout f i l t e rs ,  
An Overview of NodLfmar Wmhout Techniques 
All nonlinear washout schemes presented here are niodif ica t ions  to one 
The crossproduct schem, 
of t h e  two bas ic  l i n e a r  designs shown i n  f igure  1 .  
set  of coupled axes f o r  each design is depicted.  
a t t r i b u t e d  t o  Schmldt and Conrad (reference 5), is cc r ren t ly  implemented on 
t h e  Large Amplitude Multi.?lode Aerospace Research Simulator (LAMARS) ( r e f e r -  
ence 7) .  
on t h e  F l igh t  Simulator f o r  Advanced Aircraf t  (FSAA) ( reference 8) 
For s impl ic i ty ,  a s i n g l e  
The crossfeed scheme (reference 6) a t t r i bu ted  t o  Bray is implemented 
An in t e re s t ing  aspect of t he  crossproduct scheme is t h a t  the recovered 
spec i f i c  force always equals the  input speckfic force in the  absence of any 
add i t iona l  f i l t e r i n g  of t r a n s l a t i o n a l  accelerat ion.  
implies qp0 = g p 0 ~ .  T h i s  r e s u l t  is due t o  t h e  configurbtion of the res idua l  
tilt an6 coordinating crossfeed paths. Notice t h a t  because of the different 
arrangements f o r  t h e  coordinating crossfeed and reoidual  tilt paths i n  t h e  
crossfeed scheme, qpo and ppoF are not necessar i ly  equal. 
Table 1 compares four  nonlinear washout schemes which are i n  various 
stages of development. Because of t h e  nonlinear nature of' these schemes it 
is not possible  t o  pred ic t  the  outcome of a given experiment based on t h e  
r e s u l t s  of previous experimcnts. Thus, conclusions drawn from test results 
f o r  these nonlinear schemes are, at best, f en ta t ive .  
I n  the figurtj,  t h i s  
Figure 2 presents a r o l l  ax i s  example of the  adaptive gain (Parr iah,  
The gain Kp is cornputed on-line based upon 8 
This cos t  function is R functioa OP roll rata, r o l l  angle 
h e  cost  funetion is integrated and limits &re imposed ta obta in  
references 2 and 3) scheme. 
cos t  function. 
aEd in i t ia l  K It inclltdes severa l  constants which can be varied t o  "tune" 
the  f i l t e r .  
t h e  f i l t e r  gain. 
a p a r t i c u l a r  appl icat ion,  Parrish and Martin found it helpful  f o r  reducing 
the! so-called " f a l se  cue" observed i n  pulse-type maneuvers. 
This gain varies with  t i m e .  When the  f i l t e r  is tuned far 
Figure 5 illustrates a sway-axis example of t h e  varying break frequency 
(Jeweil ,  reference 1)  scheme. 
the  time-varying break frequency o f  the second-order t r a n s l a t i o n a l  washout. 
The cos t  funct ion is a funet ion of t he  t r a n s l a t i o n a l  acce lera t ion ,  ve loc i ty  
and uosltiori n8 well as break frequency itself, Constants are avai lab le  t o  
tune the  f i l ter .  
t o  obtain the  break frequency. Jewel1 has detnonstreted i n  tz co.xputer sinni- 
l a t i o n  t h a t  a two-fold reduction in  translational motion c u ~ i  be achieved f o r  
a quesi-random input. 
I n  t h i s  ch).se a cost  funct ion is used t o  conrpute 
The cost funct ion f6  then integrated and 8 l i m i t  i s  impose3 
Figlire h presents a port ion of the  surge axis  os it appt r ra  i n  8 sigiiCl 
co.qresslo11 achew which incorporates parcibollc 1i:dtirx. While both the 
Famish  and the  Jewel1 schemes @dressed the  problern of' fncrawed simulation 
f i d e l i t y  and dacremed motion base require!.wnts, t h i s  acherue prepoaes a solu-  
t i o n  for t h e  problem of the  hardware ?lotion base l f r n l t s .  The essence of t h i s  
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Crossfeed Sb..' -me - Broy - FSAA 
Crossproduct Scheme - Schmidt ond Conrod - LAMARS 
Fig,ine 7 .  Basic Single-Axis Linear Washout 
Circu i t  Frame work 
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TABU 1 .  COMPARISON OF FOUR NONLINEAR WASHOUT SCHEMES 
Variable 
Adaptive Break Parabolic 
Gain Frequency L i m i t i n g  Subliminal 
Description Varies wash- Varies wash- Incorporated 
out gain K out break i n  e l e c t r i c a l  
us ing a cost  frequency dr ive  t o  com- 
function u+, using a mand maximum 
Parrish-type decelerat ion 
cost  func- t o  s top  simu- 
t i o n  l a t o r  at 
limits 
Imreases 
washout rate 
when input 
is subthresh- 
old t o  force 
cab back t o  
zero pos i t ion  
faster 
Purpose Eliminate Reduce Back-up sys- Reduce motion 
displacement ware and menz require- 
requirements software ments 
un i t s  
"false cue" motion base tern f o r  hard- base displace- 
Pr incipal  NASA-Langley STI NASA-Ames STI 
Investigators Parr i sh  Jewel1 Bray Hof mann 
Martin Jex Sinacori  Riedel 
Level of Implemented Computer Implemented Computer 
Investigation on Langley model r o l l -  on FSAA model r o l l -  
Visual sway axes sway axes 
Motion Simu- 
lat o r  
Under lying Crossproduct Crossproduct Crossfeed Crossproduc t 
Linear Basis 
Inputs f o r  Pulse-type A l l  inputs Large inputs Small, sub- 
Which Scheme inputs which could threshold 
Is Most cause l i m i t -  inputs 
Effective ing 
Level of May elimi- Twofold Avoids h i t -  Twofold 
Success nate "false reduction i n  t i n g  hardware reduction in 
cues " l a t e r a l  dis-  limits lateral d i s -  
placement placement 
requirement requiremen5 
Side Effects  Increased Increase i n  
nonlinearity lateral 
wi th  specif ic  
increased force misco- 
mot ion ordination 
Increase i n  
lateral 
spec i f ic  force 
miscoordina- 
t i o n  
References 2, 3 1 6 4 
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Figure 3. Varying Break Frequency Scheme 
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- 
Velocity 
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( xD-e2/2xA )+e 
v (velocity limit) 
X'-XD>-if2/  2 i A  
XD (displacement limit) 
A' j i ,  is acceleration limit) 
Parabolic Limiter 
Figure 4. Parabolic Limiting Scheme Incorporating 
Signal Compress ion 
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scheme is a continuous ca lcu la t ion  t o  assure t h a t  t h e  cab can be brought t o  
zero ve loc i ty  before displacement l i m i t s  are reached. The commanded motion 
is reproduced t o  the  ex ten t  that  a margin between the calculated stopping 
point  and the  displacement l i m i t s  e x i s t s .  
inade of the ava i lab le  motion capabi l i ty .  
I n  t h i s  way, maximum use may be 
The four th  washout, the subliminal scheme, is the subjec t  of t h e  next 
sec t ion  of th i s  paper. 
THE SUBLIMINAL WASHWT SCHEME 
Figure 5 presents  an appl ica t ion  of the subliminal washout scheme t o  a 
f i r s t -o rde r  r o l l  ax i s  washout. This concept came about as t h e  r e s u l t  of an 
attempt t o  u t i l i z e  so-called "indifference" thresholds which p i l o t s  exh ib i t  
under normal workload. These thresholds may be operat ive f o r  both angular 
ve loc i ty  and spec i f i c  force  perception under normal workload. The hypoth- 
esis is that  p i l o t s  do not perceive angular ve loc i t i e s  and spec i f i c  forces  
which are below the respect ive indifference thresholds .  
object ive is t o  explo i t  t h i s  p a r t i c u l a r  phenomenon t o  obtain reduced simulator 
motion requirements or increased motion f i d e l i t y .  
The washout design 
The ove ra l l  design goa l  is t o  dr ive  the cab back t o  i t s  zero pos i t ion  
more rapidly than would t h e  underlying linear washout whenever the  motion 
stimulus is below the  indifference threshold l eve l .  This is accomplished 
with the  use of the  two nonlinear functions in  boxes A ana B i n  f igure  5 .  
The input t o  the  funct ion i n  Block A is the scaled angular ve loc i ty .  T h i s  
function produces a weighting f a c t o r  which serves as a var iab le  feedback 
gain i n  t h e  washout c i r c u i t .  
indifference threshold PI', the  weighting f ac to r  is zero. If the input is 
zero, the  weighting f a c t o r  is 1.0. Otherwise, the  weighting f a c t o r  is some 
f r ac t ion  of 1.0 which is a sinusoid-like function of t h e  input for t h e  form 
of t h e  weighting funct ion used here. 
If t h e  input magnitude is larger than the 
The input t o  Block B, a s o f t  s a tu ra t ion  nonlinear function, is cab r o l l  
If Cp is small the  value of t h e  func- 
angle, rp. If cp is large,  the  value o f , t h e  funct ion output is the  value of 
t h e  inciifference threshold leve i ,  kpy. 
t i o n  output i s  proport ional  t o  cp. 
The outputs from Blocks A and B are then mult ipl ied t o  a r r i v e  at an 
incremental washout rate command s igna l ,  
i n  Blocks A and B assurbs t h a t  t h i s  s igna l ' s  magnitude never exceeds the  
indifference threshold l eve l .  The smoothness of t he  funct ions i n  Blocks A 
and B tends t o  prevent discontinuous commanded changes i n  the  washout rate. 
The value of t h i s  incremental washout rate command s i g n a l  w i l l .  be non-zero 
whenever the cab roll angle i s  non-zero and the  input angular ve loc i ty  is 
below the indifference threshold level. 
The p a r t i c u l a r  choice of functions 
The s igna l  is then subtracted from 
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Nonlinear i Lineor 
I 
I i 
p = Input Angular Velocity 
ps = Scoled Angular Velocity 
pT = Indifference Threshold Level 
6 = Commanded Cob Roll Rate 
(p = Commanded Cab Roll Angle 
Figure 5 .  Nonlinear Washout Scheme ( F i r s t  -order Washout) 
t he  scaled input angular veloci ty .  
angular ve loc i ty  input t o  the  in t eg ra to r  than would r e s u l t  for  the underlying 
l i n e a r  scheme. 
than it would be f o r  t h e  l i n e a r  scheme,'during in t e rva l s  of sub-threshold 
inputs i n  angular veloci ty .  
The r e s u l t  is a smaller away-from-center 
Thus, the cab is dr iven back t o  its zero pos i t ion  more quickly 
Preliminary tests of t h i s  subliminal washout concept f o r  t h e  roll axis 
showed. it t o  be inefzect ive.  There.was some reduct ion i n  simulator motion 
requirements, but not r e a l l y  enough t o  warrant f u r t h e r  invest igat ion.  
Figure 6 shows an  appl ica t ion  of t h i s  same washout concept t o  the  lateral 
spec i f i c  force  channel of a crossproduct washout configurat ion f o r  roll-sway 
exes. 
It was pointed ou$ i n  t h e  discussion of the  crossproduct,scheme t h a t  the  
input spec i f i c  force,  Vpo, arid t he  recovered spec i f ic  force,  V p o ~ ,  are always 
equal  for  t h e  crossproduct washout configuration. 
washout introduces in ten t iona l  miscoordination of s p e c i f i c  force  The i n d i f -  
ference phenomenon allows t h i s  de l ibe ra t e  introduct ion of spec i f i c  force m i s -  
coordination, and as long as t h i s  miscoordfnation does not exceed the s p e c i f i c  
force  Indifference threshold leve l ,  the p i l o t  under normal workload w i l l  not  
detect t h e  miscoordinat ion. 
I n  t h i s  case the subliminal 
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Figure 6 ,  LAMcuiS Drive Logic Waohout with Nonlinear Feedback 
Added to Specif ic  Force Path Only 
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Computer simulation r e su l t s  f o r  the  washout i n  f igure  6 are presented 
i n  figure 7. 
Constant 4 g turn.  The inputs are roll rate, PA, and lateral spec i f ic  force, 
ypo. There is no reduction i n  acceleration, y, s l i g h t  reduction i n  velocity,  
y, and s igni f icant  reduction i n  lateral t ranslat ion,  y. 
c l ea r ly  t h a t  the  subliminal washout subs tan t ia l ly  reduces simulator displace- 
ment motion requirements. Lateral t rans la t ion  reductior, is 70 percent, i.e. , 
from a maximum l i n e a r  displacement of 4.05 m ( 1  3.5 ft) t o  a m a x i m u m  dfsplace- 
ment of I .2 m ( 4  f t ) .  
The input t o  the  simulation corresponds t o  a ro l l - in  t o  a 
These r e su l t s  shQW 
I n  order t o  accomplish t h i s  subs tan t ia l  reduction i n  lateral t r ans l a t iona l  
requirements, however, a subs tan t ia l  c'riange i n  recovered spec i f i c  force is 
generated because of miscoordination. 
rate for the  subl-imfnal washout scheme. 
constrained t o  at oP.below an indifference threshold l e v e l  of 0.1 g9 t he  change 
i n  recovered spec i f ic  force is a l so  constrained t o  t h a t  level .  
normal workload the  p i l o t  should not be able t o  de tec t  t h i s  l e v e l  of miscoordi- 
nation. 
This is due t o  the  increased washout. 
Since the  increase i n  washout rate is 
Thus, under 
The computer simulation of the  subliminal washout has been exercised f o r  
Significant reductions i n  motion base requirements have a var ie ty  of inputs. 
been observed. On the basis of these resu l t s  t h e  following conclusions can 
be drawn: 
1 .  
2. 
3. 
The subliminal washout concepts, as implemented i n  the 
t r ans l a t iona l  axes of the crossproduct scheme, are effec-  
t i v e  i n  reducing the  veloci ty  and displacement require- 
ments of the motion base. 
The subliminal washout scheme is most e f fec t ive  f o r  sub- 
indifference threshold spec i f ic  force inputs. The wash- 
out reduces t o  the  underlying l i nea r  scheme when inputs 
exceed t h i s  threshold. 
The use of the  subliminal threshold scheme results i n  
an increase i n  recovered spec i f ic  force which is spurious. 
This spurious motion is due t o  addi t ional  miscoordination. 
The nonlinear implenlentation insures t h a t  t h i s  miscoordi- 
nation component is never greater  than the  assumed indif-  
ference threshold level .  
the  p i l o t  should be unable t o  detect  t h i s  f a l s e  cue. 
Thus under normal workload, 
Much work remains t o  be performed i n  the investigation of t h i s  subl imi-  
na l  washout scheme. 
shed l i gh t '  on the scheme's major uses, and encourage fur ther  research and 
eventual simulator implementation. 
The i n i t i a l  results of the computer simulation have 
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A sample of some new concepts i n  nonlinear washout f i l ters has been 
presented here. Since each scheme addresses a d i f f e ren t  aspect of the  
washout problem, it may be desirable t o  combine severa l  nonlinear concepts 
i n  a s ingle ,  grand scheme. 
simulation could be handled by a single washout c i r c u i t .  Further research 
along these lines might lead t o  a well-defined method f o r  designing a washout 
c i r c u i t  to  s u i t  par t icu lar  simulation needs, taking in to  account the  peculiar-  
i t ies of the  motion base as well as a descr ipt ion of the  f lying t a s k  t o  be 
simulated. 
I n  t h i s  way, several  problems i n  a par t icu lar  
The research reported herein was sponsored by the  A i r  Force F l igh t  
Dynamics Laboratory under Contract F33615-77-C-206g. 
FGD and J. Bankovskis, AF'FDL/FGD) 
(W. Klotzback, AFFI>L/ 
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A THEORETICAL AND EXTCRIMENTAL MIALYSIS OF THE OUTSIDE WORLD 
PERCEPTION PROCESS 
by P.H. Wewerinke 
National Aerospace Laboratory NLR 
the Netherlands 
SUMMARY 
The outside scene is often an important source of information for manual 
control. tasks. Important examples of' these are car driving and aircraft 
control. This paper deals with modelling this visual scene perception 
process on the basis of linear perspective geometry and the relative motion 
cues. 
Model predictions utilizing psychophysical threshold data from base-line 
experiments and literature of a variety of visual approach tasks are 
compared with experimental data, Both the performance and workload results 
illustrate that the model provides a meaniiigful deecription of the outside 
world perception process, with a useful predictive capability, 
INTRODUCTION 
Many manual control tasks depend on the visual perception of the 
outside scene. In the context of aircraft control, the most important 
example is the visual approach scene. So, in order to investigate a great 
many flight situation8 in the  approach and landing, it is rmndatory to taka 
into account this viaual scene perception prose86 which ha8 often a major 
impact on missian performance. 
Based on a concise inventory of the most important characteristics 
(cues) of the visual scene the visual scene perception process is described 
(modelled) on the basis of the, linear perspective geometry and the relative 
motion cuee. This involves mathematical relationships between thcse visual 
cues and the aircraft state variablea. After liriearization this model 6811 be 
integrated in the exis:ing framework describing piloted aircraft behavior 
(the optimal control model). This is the subject of the next chapter. 
perceptual thresholds o f  the various cue8, noise l eve ls  associated with 
observing these cues and interferenc- amorig them, Values for these parameters 
are derived from baseline experimental data supplemented by the psycho- 
physical literature. Btrsed an t h e w  values a theoretical analysis is 
performed dealing with B variety o f  visuatl approach conditions. 
The visual scent? perception modal involve8 assumptions concerning 
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Furthermore,the results of an experimental program are compared with the 
model predictions. In addition, model predictions of pilot workload are compared 
with subjective ratings. 
VISUAL SCENE PERCEPTION MODEL 
One of the earlie& studies of visual scene perception directly related 
to flight control problems has been performed by Gibson (Refs. 1 8nd 2) .  
According to Gibson, the most important visual cues which can be derived 
from the visual field are related to 
the linear peropectivc geometry 
relative motion or motion parallax . the apparent size of objects whose real size is known 
8 far object covered by a near one . the distribution of flight and shade over an object . aerial perspective and the loss of detail with diotsnce. 
Of these, the linear perspective geometry provides a variety of cues. 
This is illustrated by the schematic version of the visual scene in figure la 
which can be thought of to consist of lines and points (textural element8 1 . 
This involves not only the linear and angular position of the observer with 
respect to the outside world but also (dynamically) the relative zotion. 
The point of the visual field toward which the observer is moving appears to 
be stationary ( "focus of expansion"). All other textural points move uith 
respect to the observer which can be indicated by velocity vectors 
("streamers"). Thia, is shown in figure lb for the case of rectilinear motion. 
Various other references mention visual cues which can be conceived as 
examples of the afore-mentioned bsaric elements. Most of them ere related to 
the landing approach scene (Refs. 3-5). 
From the foregoing it can be derived that ZL reasonable approach i$ to 
model the visual scene perception process on the basis o f  the linear 
perspective geometry and the relative motion cue6. Following reference 6 
this involves a description of the cues which can be derived from the visual 
scene and their functional relationships with linear and angular position8 
and velocities of tho observer. When, in addition, tho relationships between 
the moving observer and the visual scene can be linearized about a nominal 
condition, the perception proces8 can be dercribcd in standard ortimation 
theoretical terms and included in the optimal control model rtructure in the 
following menner 
Let the observer (sircraft') moving with rerpoct to the outride world 
be dewxibed by the system state x( t) Thib involver the common linear and 
') Although the following applicr to a variety o f  man-machine rituatioar, 
this analysis i s  directed at the aircraft control problem. 
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angular positions of the aircraft as well as additional paraxeters to d.escribe 
relevant characteristics of the moving visual scene (with respect to the 
akcraft). After linearization about a nomina: path the result will be a set 
of linear, ( in general) time-varykg equations given by 
a(t) = A ( t )  x(t) + 8(t) W(t) (1) 
where A(t) describes the process of the aircraft moving with respect to the 
outside world, and w(t) represents system disturbances (e.g. turbulence). 
Furthermore, the visual cues will be described by the display vector y( t) . 
The relationships between these displayed variables and the system state is 
given by 
The perreption of these variables is accompnied with an equivalent time 
delax, perceptual thresholds and observation noises. Also the interference 
between the various visual cues, 8.0. arizing from the iiecessiUy to scan the 
visual field and to divide the attenticn among the various cues, has to be 
considered !Refs. 7 tLnd 8). Now, these observations of the visual scene are 
dealt with in the sanie fashion as observations f?om other sources (e.g. 
displays, action cues, etc.). The system state I s  estimated optimally (by 
means of a Kalman-Bucy filter) on the basis of the known (learned) dynamics 
involved and the observations. This state estimation process can be considered 
as an internal representation of the task environment. 
Relationships betweeii visual scene characteristics and the system state 
A F2heniatic version of the visual scene (Pig. I )  can be assumed to 
comprise textural elements and known objects. Both provide linear perspective 
geometrical cues (basically, the inclination of lines) and impressions of 
relative position and velocity. 
The inclination Q , of a line element of the visual scene is given by 
I2 = tan-’ Y/H (3) 
where Y is the distance betwe n the observer and the pertinent line element 
perpendicular to the looking direction and H is the veA*tical pcsition of the 
observe.:. Assuming small perturbations (y, h and w )  around the trim condition 
(yo, Ho and no) results af ter  some manipulation (to a first order) in the 
linear expression 
w = C h h + C  y (4a) Y 
irhere 
= -sin 2 Ilo/2Ho ‘h 
Differentiating eq (ha) yields the expression f o r  the inclination rate 
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; = C h h + C  9 
Y 
The s m a l l  per turbat ions of t h e  r e l a t i v e  pos i t ion  and ve loc i ty  of an 
element of t h e  v i sua l  scene i s  simply given by 
and 
a = h/R ; a = y/R 
h Y 
bh = h/R ; by = f / R  
( 5 )  
where a is the  v i sua l  angle and R is  the dis tance between t h e  object  and 
t h e  observer. 
Furthermore, when t h e  a t t i t u d e  of t h e  observer ( a i r c r a f t )  is taken i n t o  
account (with a t t i t u d e  angles cp, 8 a n d # )  eqs. ( 4 )  and ( 5 )  become 
o = C h h + C y + q  
a = h/R + 8 
a = y/R i 4  
Y 
h 
Y 
and t h e  corresponding time-derivatives = ..., e tc .  
Next, these  expressions are u t i l i z e d  t o  descr ibe the cues which can be 
derived from t h e  v i sua l  approach scene. 
Visual approach scene 
A schematic version of t h e  v i sua l  approach scene i s  shown i n  f igu re  2. 
The cues which are assumed t o  be derived from t h i s  scene are indicated.  
The most important cue f o r  l a t e r a l  guidance i s  derived from t h e  inc l ina t ion  
of t h e  runway s ides  and/or center l ine .  The l a t e r a l  deviat ion y ,  is  zero if  
t h e  inc l ina t ion  of both runway sides is  the  same (o 
of the  cen te r l ine  is zero (w  = 0) .  
Ver t ica l  guidance has t o  be sased on the (average) i nc l ina t ion  of the  runway 
s ides  when no runway end and no horizon is  v i s i b l e ,  In  t h a t  case,  t he  
observer has t o  know t h e  nominal inc l ina t ion  (fl0), which i s  range-varying. 
The following model ana lys i s  and experimental results w i l l  show t h a t  a better 
indicat ion of the  v e r t i c a l  pos i t ion  is obtained when t h e  length of t he  
runway a 
respect  $0 the  horizon) is  v i s i b l e .  Also i n  t h a t  case,  t he  observer has t o  
know the  nominal depression which is ,  however, constant during a standard 
approach (e.g. ,  3 deg). 
Glide slDpe information requi res  a l s o  the  estimation of t he  dis tance to 
touchdown. T h i s  can be based on t h e  apparent s i z e  of ground objec ts ,  of which 
t h e  most important is of ten  t h e  runway width. 
Ai rcraf t  a t t i t u d e s  provide "inner-loop" information and can be derived from 
t h e  r e l a t i v e  posi t ion and inc l ina t ion  of (e .g .  ) t h e  horizon and any a i r c r a f t  
reference.  The p i tch  angle 8 ,  which has t o  be estimated with respect  t o  i t s  
(non-zero) nominal value and the  bank angle cp are indicated i n  f igu re  2, 
= y) and t h e  inc l ina t ion  r 
( o r ,  almost equivalently,  t he  depression of runway threshold with 
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MODEL ANALYSIS 
The linear visual scene perception model (VSPM) can be implemented in 
the optimal control model (Refs. 6 and 7). Based on the foregoing discussion, 
a variety of visual approach conditions are selected to analyze theoretically. 
In addition, an experimental program has been conducted to provide a critical 
test for the hypotheses (assumptions) underlying the model results. In order 
to obtain detailed information concerning the information processing involved 
in the manual approach task, no range-varying effects are considered in the 
following analysis. In other words, it is assumed that; the aircraft is "frozen" 
at a fixed point of the approach path corresponding with a nominal altitude of 
200 ft for a 3 approach ("hovering"). The consequence is a stationary process 
involved allowing frequency domain measures such as human describing functions 
and observation noise spectra. Especially the latter will provide a sensitive 
check on the exslctness of the values used for the model parameters under 
investigation. The primary model. parameters are the perceptual thresholds of 
the various visual cues (display elements) involved because these represent 
the most uncertain model parameters. The results of several previous 
experimental studies suggest reasonable accurate values for the remaining model 
parameters. 
Therefore, base-line experiments have been conducted and relevant psycho- 
physical literature have been searched resulting in reasonable reliable 
estimates for the perceptual thresholds involved. Finally, the last section 
contains the model analysis proper and the resulting model predictions. 
0 
Visuai scene configurations 
Referring to the foregoing discussion the configurations given in figure 
Vertical control on the basis of the inclination of the runway sides 
3 were selected for the following model analysis and formal experiment. 
can be compared with the condition that the depression of the runway 
threshold below the runway end ( a )  or below the horizon is visible 
(configurations 1 and 2). Furthermore, the effect of an aircraft reference 
providing explicitly pitch information is of interest (configuration 3). 
Lateral control utilizing the inclination of the centerline is 
represented by configuration 4. In case the runway sides are available, the 
inclination of both sides has to be estimated and compared with each other 
(configuration 5 ) .  A simple model. analysis shows that this process is 
associated with the same observati.on noise as in the case of a center line, 
Only the perceptual thresholds i.ni.olved are different (next section), This 
w i l l  be tested against the experimental results. Again the effect of 
explicit roll information provided by the aircraft reference is  considered 
by including configuration 6. Configuration 7 concerns roll tracking based 
on the aircraft reference. This (presumably) easy task is included to evoke 
some variation i n  workload in order to yield additional experimental 
evidence for the workload model of reference 8 and -to test the perceptual 
threshold assumptions involved. 
539 
Configurations 8 and 9 are selected to investigate the interfereme 
between vertical and lateral control. It is assumed that the pilot has to 
divide his attention between the various display variables (visual scene 
cues) involved. This interference is assumed not only within a control task 
(e.g. attention has to be divided between pitch angle and altitude) but also 
between vertical and lateral control when performing both tasks simultaneously. 
This represents a crucial hypothesis which will 3e tested in the following 
as the visual scene is widely assumed to represznt integrated information 
and it is a non-trivial question whether the visual scene can be "broken 
down" into separate elements. Finally, configuration 10 is included to 
investigate the effect of additional texture. This has, in principle, its 
implicttions for the information contents of the visual scene which turned 
out to be of no interest but also for the psychological aspects (perspective 
illusion and realism), 
. 
Perceptual thresholds 
It was anticipated that perceptual threshold phenomena could be 
important for the foregoing visual scene cues, Thresholds can be accounted 
for in the optimal control model by modifying the observation noise 
covariance associated with a particular visual cue. 
Although the psychophysical literature reports a wealth of emperical 
threshold data, these data are known to be affected by numerous experimental 
conditions which easily explains the typical scatter in "comparable" data. 
Therefore, a baseline experiment has been conducted to determine the position 
thresholds of the display elements involved in the visual scene configurations 
shown in figure 3. These thresholds are primarily due to the lack of explicit 
visual references concerning zero or nominal, visual scene conditions. 
This involves that learning (experience) and temporal cues (memory 
functioning) are important in measuring and interpreting thresholds. 
Experimental details are given in reference 9. The resulting measurements 
are "translated" to values suitable for (as required by) the describing 
function representation for the assumed dead-zone non-linearity. The results 
are summarized in table 1 .  
of motion in the visual field can be related to resolution properties. This 
implies that the motion detection thresholds can be inferred from the fore- 
going discrimination data. The result is also contained in table 1 .  
As discussed in reference 9 thresholds associated with the perception 
Apart from these (nominal) threshold estimates, in table 1 it is also 
indicated how reliable these estimates are assumed to be. A sensitivity 
analysis in the following will serve to relate this incertainty in threshold 
values to a confidence interval associated with the system performance 
predictions of the model. 
Model predictions 
A block diagram of the control task(s) is given in figure 4. System 
disturbance enters the system parallel to the control input. The resulting 
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output i s  displayed t o  t h e  himan operator as the  p i t c h  and roll angle ( f o r  
t he  per t inent  configurations) represent ing K-dynamics. The i n t e g r a l  of these 
outputs are t h e  a l t i t u d e  ( o r  approach angle) and la teral  deviat ion (or center  
l i n e  inc l ina t ion ) ,  respec t ive ly  (K/s-dynamics) . The dis turbances a r e  white  
noise  processed by two first order f i l t e rs  with poles at one rad/sec and two 
rad/sec.  The disturbance levels are f2r t h e  v e r t i c a l  task given by a 
r e su l t i ng  p i t c h  variance of 0.068 dsg 
r e su l t i ng  r o l l  variance of 10.5 deg 
t h e  experimental program). Details concerning s e n s i t i v i t i e s  and gains 
involved are contained i n  reference 9. 
and f o r  t h e  la teral  t a s k  given by a 
(corresponding with the  values  used for 
Model parameters can be divided i n  parameters which are constant f o r  a l l  
configurations and parameters which a r e  considered as the  remaining model 
var iables .  Also the  experimental r e s u l t s  of t he  next chapter w i l l  be related 
t o  these  (dependent) var iab les .  The key var iab les  are t h e  perceptual thresholds .  
The nominal values of table 1 are assumed for the  model predict ions.  
Furthermore, the e f f e c t  of t h e  upper- and lower threshold.  values  on t h e  
system outputs  i s  a l s o  determined and discussed i n  t h e  following chapter.  The 
ove ra l l  l e v e l  of a t t en t ion  (Po) is a l so ,  t o  same exten t ,  var iab le ,  although 
t h i s  value has been shown i n  previous s tud ies  t o  be r e l a t i v e l y  constant.  A 
nominal value of -20 dI3 i s  assumed and t h e  e f f e c t  of f 2 dB on t h e  system 
outputs i s  considered. 
The constant model parameters are:  a neuro-motor t i m e  constant of 0.1 sec ,  
a perceptual t i m e  delay of 0.2 sec and a motor noise r a t i o  of -30 dB. 
Now, assuming tha t  t he  human operator divides  h i s  a t t e n t i o n  among the  
v i sua l  cues (pos i t ion  and ve loc i ty  of a l l  display elements) optimally,  i . e . ,  
minimizing t h e  given cos t  funct ional  
predicted for t h e  various configurations.  The r e s u l t s  a r e  given i n  table 2 .  
x (Ref. 8) , system performance can be 
Ver t ica l  cont ro l  is superior  for t h e  coiidition that  t h e  runway 
depression angle and t h e  p i t ch  angle can be observed (conf. 3 ) .  The contr i -  
bution of t he  p i t$h  information amounts t o  a 20 % reduction of t he  approach 
angle variance (ua of conf. 2 ) .  When t h e  viewing condition is such t h a t  no 
horizon or runway end is v i s i b l e  and cont ro l  has t o  be based on the  runway 
sides (“1 and/or wr) and runway threshold va r i a t ion  (&)  t h e  v e r t i c a l  approach 
performance i s  degraded subs tan t ia l ly .  T h i s  c l ea r ly  demonstrates t he  
contr ibut ion of t he  various v i sua l  cues involved. Furthermore, i n  t he  case of 
both v e r t i c a l  and l a t e r a l  control ,  the  v e r t i c a l  approach performance i s  
predicted t o  de te r iora te  with 30 % t o  50 % (due t o  the  assumed in te r fe rence  
between both tasks). The l a s t  column of t ab le  1 contailis t he  (optimal) 
f rac t ions  of a t t en t ion  dedicated t o  the  various cues. 
The best l a t e r a l  approach performance i s  obtained when t h e  runway 
center l ine  inc l ina t ion  (w,) cue is ava i lab le  (conf .  4 ) .  Latera l  cont ro l  
u t i l i z i n g  t h e  runway s ides  is subs t an t i a l ly  degraded (conf ,  5 )  due t o  t h e  
l a r g e r  perceptual threshold of t h i s  cue. The bank angle provides useful  
According t o  t h e  ins t ruc t ions  given t o  the  subjec ts  i n  t h e  experiment 
t he  system output is assumed t o  be minimized. In  addi t ion  t h e  cont ro l  rate 
i s  weighed yielding t h e  neuro-motor time constant of 0.1 sec. 
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inner loop information (conf. 6). When performing the vertical and lateral 
task simultaneously, the model predicts a deterioration in lateral performance 
(confs. 8 and 9 )  of about 100 %. The model predicts that the effect of the 
texture (conf. 10) on system performance is negligible, 
The effect of the model parameter variations (thresholds and overall 
attention) on the system scores and additional theoretical results will be 
discussed in the next chapter where the model predictions will be compared 
with the experimental results. 
EXPERIMENTS 
The first objective of the experimental program was to test the fore- 
going model results with respect to both the fundamental hypotheses involved 
(optimality in control and attention allocation, interference between cues) 
and the assumed numerical values of the key model parameters. Secondly, in 
case significant discrepancy occurs between model and experimental results 
the appropriate adjustments can (hopefully) be made in the model assumptions 
underlying the model results. 
Experimental procedures 
The same 10 configurations as discussed previously are investigated in 
the experimental program. These conf iguratic.is were four times presented to 
the (four) subjects (general aviation pilots) in a random order. Each run 
lasted 200 sec. Bettreen the runs the subjects were asked to give their 
impression of the exerted workload (Reference 9 contains the rating scales 
used and additional experimental details). The subjects were instructed to 
minimize the mean-squared system output. They were trained on the ten 
configurations in a random order till a relatively stable performmce level 
was reached. All together, about 250 training trials were performed. 
An analog computer was used to simulate the vehicle dynamics and to 
generate the visual scene characteristics. This visual scene was presented to 
the subjects on a TV monitor located 2.5 m in front of their point of regard, 
They manipulated a two-axis isometric hand control. The s;.stem parameters 
were recorded on FM magnetic iape for off-line mean-squared scores and 
frequency domain computations . 
Comparison of experimental results and model scores 
In this section the experimental results in terms of mean-squared 
performance scores are compared with the model predictions. Based on the 
results of table 2 firstly the approach angle (a)- and centerline inclination 
( w  ) scores are considered (the model predicts attitude- and control. scores 
whfch are relatively insensitive over the configurations). 
' Unfortunately, these frequency domain data were not available in time to 
include in this paper. These results will be included in referewe 9. 
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Apart from t h e  nominal model predict ions (of  table 2) the  e f f e c t  of t h e  
uncertai!ity i n  underlying assumptions (i.e.,  numerical values of the thres -  
holds a.. Ioverall a t t en t ion )  on system performance is determined. For t h e  
upper- and lower threshold values  given i n  table 1 and, i n  addi t ion,  + 2 dB 
and -2 dB var i a t ion  i n  ove ra l l  a t t e n t i o n  t h e  corresponding performance scores  
are determined. It is  hypothesized t h a t  t h e  experimental scores  l i e  within 
t h e  r e s u l t i n g  performance in t e rva l .  
In f igu res  5 and 6 both t h e  experimental means and standard deviat ions 
(of  16 runs) and the model pred ic t ions  are given. For a l l  single-axis tasks 
t h e  experimental scores l i e  w e l l  wi thin t h e  predicted in te rva l .  This ind ica tes  
not only t h a t  t he  model i s  "r ight"  but  a l s o  t h a t  t h e  assumed numerical 
values f o r  the thresholds  and ove ra l l  a t t en t ion  are c lose  t o  the "real" 
values.  
For t h e  dual-axis t a s k s  t h e  experimental r e s u l t s  do c l e a r l y  not match 
the  model predict ions.  The experimental data of configurat ion 9 and 10 have 
been pooled because both t h e  model pred ic t ions  and t h e  experimental r e s u l t s  
Tor both configurations ind ica te  t ha t  t h e  only e f f e c t  of t h e  -texture 
information i s  t h e  enhancement of the  perspect ive i l l u s ion .  This was a l s o  
apparent during the  learning phase. An adjustment of t he  model parameter 
values (which has t o  be appropriate  f o r  the single-axis t a s k s  as well) does 
not result i n  a good agreement with t h e  experimental scores.  Therefore, it 
is t e n t a t i v e l y  concluded t h a t  t h e  assumed hypothesis of in te r fe rence  between 
t h e  two tasks has t o  be re jec ted ,  Instead,  t h e  following hypothesis is 
considered: t h e  v i sua l  scene s t imulates  t h e  human operator  t o  perform t h e  
dual-axis task j u s t  as well  as t h e  single-axis task ( thus ,  v e r t i c a l  cont ro l  
is not degraded when t h e  lateral cont ro l  t a s k  is added, and v i ce  versa) .  So, 
it is assumed that  there  i s  no performance in te r fe rence .  This w i l l  Fe fu r the r  
discussed i n  t h e  following. 
Comparing also t h e  a t t i t u d e  scores (Q and cp) and t h e  con t ro l  scores  
(!e and 6 ) of t h e  model predict ions i n  t a b l e  1 and the  measured scores 
given i n  t a b l e  3 it is apparent t h a t  both t h e  measured a t t i t u d e  scores and 
t h e  measured cont ro l  scores  are much lower than predicted.  This  ind ica tes  
t h a t  t h e  subjec ts  (being p i l o t s )  performed t h e  - t o  some exten t  r e a l i s t i c  
appearing - "approach" t a s k s  i n  a much smoother fashion than t h e  model 
pred ic t s  on t h e  bas i s  of an assumed neuromotor time constant of 0.1 sec.  This 
is confirmed by p i l o t  commentary ind ica t ing  t h a t  t h e  p i l o t s  were re1 i:Ctant t o  
make rap id  cont ro l  movements and "chase the  needles". 
Based on t h i s  observation t h e  neuromotor time constant was adjusted t o  a 
value of 0.25 sec.  T h i s  value which was kept constant  i n  the  following 
ana lys i s  i s  apparentiy more representa t ive  f o r  outer-loop cont ro l  behavior, 
I n  addi t ion,  f i gu re  5 suggests t h a t  f o r  the  v e r t i c a l  cont ro l  t a s k s  a b e t t e r  
agreement between measured and model results w i l l  be obzained when tp lower 
threshold values given i n  table 2 w i l l  be assumed (0.2 /scc and 0 . k  ) This 
i s  the  sn ly  minor adjustment of t he  model var iab les .  
The r e su l t i ng  model scores are compared wi th  the  measured mean-squared 
values i n  t a b l e  3.  In  general ,  t h e  agreement between t h e  measurements and 
the  re f ined  model scores i s  qui te  good. Now (with a neuromotor l a g  of 0.25 
sec)  t h e  cont ro l  scores match, 0x1 t h e  werage ,  very w e l l .  The same can be 
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said of the system outputs a and, to less extent, w . 
A comparison of the pitch attitude scores shows thaf the pilots were somewhat 
more conservative in making pitch corrections than the model predicts (apart 
from configuration 1 ). These lower pitch scores (and the corresponding some- 
what lower control scores) could easily be duplicated by the model, however, 
by an appropriate weighting of the pitch angle. The mean-squared roll angles 
match again, rather welln. 
The system output scores are summarized in figure 7 .  For the dual-axis 
configurations, both the scores corresponding with the assumption that there 
no performance interference between the two axes and the "full interference" 
scores are indicated. The results strongly support the hypothesis that there 
is no interference between the -rertical- and lateral axis thanks to the 
visual scene, 
In summary, it can be concluded that for the relatively realistic, outer- 
loop control tasks under investigation a neuromotor time constant of (say) 
0.25 sec is apprcpriate. Furthermore, only one minor adjustment of the 
nominal model variables was required to yield, on the average, a good 
agreement between model results and measurements:.a position threshold for a 
and 8 of 0.4' and a velocity threshold for 15 and 8 of 0.2 /see (the same 
value as found in reference 10). Finally, the experimental results provided 
convincing support for the hypothesis that the visual scene perception 
process can be described on the basis of the, mutually interfering, various 
(separate) visual cues considered. There is no performance degradation 
(interference) when both the vertical and lateral control task are performed 
simultaneously. 
Workload model results and subjective ratings 
Using the foregoing model results human operator workload can be computed. 
The workload model (a.0. discussed in reference 8) involves not only the 
level of attention, Po¶ dedicated to the task in accordance with the model 
of reference 1 1 ,  but also the aspect of arousal ("uncertainty"). 
The model predictions are compared in figure 8 with subjective ratings 
on the workload scale given in references 8 and 9. Apart from configuration 
1 the linear correlation between subjective ratings md workload model 
predictions is quite good (r = 0.88). This result provides additional 
support fo r  the workload model. 
The model predicts a much lower workload level for configuration 1 than 
reflected by the subjective ratings. The explanation for this is that for 
this configuration the subjects were not s u r e  what the right (nominal) 
vertical position was. Not only they learned slowly on this configuration 
( somewhat discouraged by their varying lefll.tiii,!:-]?crforrnance) but also they 
clearly did not like the uncertainty involvt.31 performing the task which 
can also be related to training. So, the laod~*l,  liot including this learning 
aspect, predicts that the workload correspordrig wi.th this configuration will 
* For the roll-only task (conf.7) an overall level of attention, Po, of 
-18 dB had to be assumed in order to match the measured scores, 
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substantially reduce when the subjects are more trained on (familiar with) 
this task. 
CONCLUSIONS 
The visual scene provides a variety of perspective geometrical and 
relative motion cues. The experimental results have supported that these 
characteristics can be considered as separate cues among which the human 
operator has to divide his attention. The commonly accepted idea that 
pictorial information is better integrated (less interfering) than separate 
display elements is in the present study specifically demonstrated in that 
there is no performance interference between the vertical and lateral task. 
Both the workload model results and the subjective ratings indicate that 
the workload is increased indeed when performing both tasks. 
In the case of guidance control tasks (e.g., the visual approach task) 
pilots are reluctant to make rapid control movements. This is represented 
in the optimal control model by a weighting on control rate corresponding 
with a neuromotor time constant of about 0.25 sec. This outer-loop control 
behavior is distinguished from attitude (inner-loop) control tasks which 
can be modelled with a neuromotor time constant of 0.1 sec (Ref. 7). 
Furthermore, the assumptions concerning the key parameters of this 
investigation, i .e. the perceptual thresholds 
checked against the experimental data. Apart from one minor adjustment the 
a priori assumed threshold values yielded a good agreement between model 
scores and measurements. The sensitivity analysis visualized in figures 5 
and 6 indicates that this result allows a reasonable accurate verification 
of the underlying model parameters (thresholds and level of attention). 
could ( indirectly) be 
Finally, the workload model predictions have been confirmed convincingly 
by subjective ratings. Apart from configuration 1 (the performance of which 
task must have been dominated by a psychologigal effect not included in the 
model) the linear correlation between model predictions and subjective 
ratings was 0.9. 
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Table 1 Thresholds 
DISPLAY 
t 
._ - ~ 
THRESHOLD 
I' 
1 O/S 
5' 
3'1s 
2O 
2% 
0.5' 
0 3'1s 
0.5' 
0,3O/s 
0.7' 
l0/S 
CONFIDENCE 
INTERVAL 
0.5 - 2'1s 
4 - :io 
2 - 4'1s 
- 
1 - 3'/s 
- ~~ 
0.4 - 0.6' 
~~ 
0.4 - 0.6' 
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Table 2 Model predictions 
0.21 1 
0.121 
0.103 
0.156 
a) VERTICAL CONTROL 
0.242 
0.239 
- 
0.247 
0.319 
I Configuration 
t 
Configuration 
4 
5 
6 
8 
9 
b) LATERAL CONTROL 
0.331 I 0.157 
I 
1.86 1 9.68 
 
4*22 I 14*7  
9.35 
2*96 I -
8.01 24.8 
6.71 19.6 
I attention o2 be (N*) 1 alloytion 
fe = 0.4 58.8 
= 0.42 
f. = 0.13 70.2 
0 
= 0.06 
f. = 0.27 a 72.1) I fe = 0.23 I 
u2 (N2) 
'a 
13.1 
15.7 
12.9 
20.9 
18.2 
I attention allocation 
fi 
0.37 
C 
5 
9; = 0.63 
f = 0.42 
c 
W e 
= 0.58 +I 
= 0.18 
= 0.22 
= 0.22 
w 
C 
cp 
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(M2) VERTICAL 2 2 
MSb e 
CONFIGURATION MSa(deg MSQ(deg 
1 model 0,189 0.095 26.7 
measured 0.193 0.098 26.4 
2 model 0.082 0.096 26.9 
model 0.072 0.091 26.4 
measured 0.081 0.047 21 * 2  
model 0.085 0.110 28.4 
measured 0.083 0.061 24.6 
measured 0,077 0.05ir 23.0 
3 
8 
model 0.072 0.095 26.9 
- 0.040 20.1 measured 0.065 , , 9 ,  10 
I I -.---I-- 
MSU (deg2) LATERAL CONFIGURATION 
C 
I 
MS Q (deg2) MSb (N2) 
a 
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l o  OUTSIDE VIEW 
1b RLLATIVE MOTION OF THE VISUAL FIELD 
Fig. 1: Visuaf scene 
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LINEAR MODELLING OF ATTENTIONAL RESOURCE  ALLOCATION^ 
by Byron Pierce' and Christopher D , Wickens 
University of I l l i n o i s  Department of Psychology 
SUHMARY 
Eight subjec ts  time-shared perfonnance of t w c  compensatory t racking 
tasks  under conditions when both were of constant d i f f i c u l t y ,  and when the 
cont ro l  order  of one t a sk  (designated primary) was varied over time within 
a t r ia l .  On l i n e  performance feedback was presented on ha l f  of the t r i a l s .  
The data  are in te rpre ted  i n  terms of a l inearmodel  o f  the operator 's  a t t en -  
t i on  a l loca t ion  system, and suggest t h a t  t h i s  a l loca t ion  is st rongly subop- 
time1 . Furthermore the  l imi ta t ions  i n  rea l loca t ing  a t t en t iona l  resources be- 
tween tasks,  i n  response t o  d i f f i c u l t y  f luc tua t ions  were not reduced by aug- 
mented performance feedback. 
are described, and reasons fo r  i t s  l imi ta t ions  suggested, 
Some cha rac t e r i s t i c s  of the a l loca t ion  system 
INTRODUCTION 
A cOmPon requirement imposed upon the human operator  engaged i n  t i m e -  
sharing performance under time-varying environmental conditions r e s u l t s  when 
changes occur i n  the d i f f i c u l t y  of one of two concurrently performed tasks,  
as i ts  performance cons t ra in ts  a r e  held constant.  Such changes thereby force 
a r ea l loc r t ion  of a t t en t iona l  resources toward the t a sk  whose d i f f i c u l t y  is 
increasing, Thus for  example i n  precis ion f l i g h t ,  an increase i n  l a t e r a l  a i r  
turbulence w i l l  require  re-al locat ton of resources away from tasks  of lesser 
demand (commrnications, pi tch cont ro l )  toward cont ro l  along the l a t e r a l  axis. 
The e n t i r e  process of task demand evaluation and resource a l loca t ion  
can be conceptualized a s  a two s tage process. 
uate  the e r ro r ,  o r  discrepancy between deaired and ac tua l  performance on 
the task o r  tasks  required (e r ror  evaluat ion) .  If such an e r r o r  is per- 
ceived t o  exist, the a t t en t ion  a l loca t ion  system then must respond by mhift- 
ing resources i n  a manner t o  res tore  the desired l eve l  of performance and 
n u l l i f y  the o r ig ina l  e r r o r  (resource a l loca t ion) .  This  closed feedback loop 
descr ibing the resource a l loca t ion  system is  analogous in some respect8 t o  a 
compensatory tracking task,  i n  which pos i t ion  e r r o r  18 evaluated and a manual 
control  response i s  executed t o  n u l l i f y  the e r ror .  Becauae of t h i s  s imilar-  
i t y ,  modelling techniques borrowed from manua1 cont ro l  w i l l  be u t i l i z e d  in 
The operator  must f i r s t  eval-  
1This research was supported by a grant from A i r  Force Office of Sc ien t i -  
f i c  Research Life Sciencea d i rec tora te .  AFOSR77-3380, D r .  Alfred 
Pregly war the cont rac t  monitor. 
*Now a t  Williams Air Force Baae. 
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the current  inves t iga t ion  t o  descr ibe and evaluate the human's a t t e n t i o n  
a l loca t ion  system. 
De lp  and Crossman (Reference 1) have provided an ana ly t i ca l  framework 
f o r  descr ibing the l i n e a r  r e l a t i o n  between time-varying taek parameters and 
s ingle  task  perfonnance i n  terms of a higher leve l  %eta t r ans fe r  function." 
The object ive of the present research is t o  apply s imi l a r  procedures to  anal-  
yze the meta t r ans fe r  function of the resource a l loca t ion  system t o  t a sk  de- 
mund (d i f f i cu l ty )  changes i n  the dual  t a sk  environment. In the  paradigm em- 
ployed, subjects  perform two concurrent t racking tasks.  One t a sk  is degig- 
nated as primary-a high p r i o r i t y  task  whose performance is t o  be maintained 
a t  o r  above some c r i t e r i o n  f o r  the durat ion of a t r i a l .  During the t r i a l ,  
the  d i f f i c u l t y  of the primary task  is varf-ed i n  a semi-periodic fashion. It 
is assumed tha t ,  t o  the extent  t h a t  he is capable, the subjec t  follows the 
p r i o r i t y  ins t ruc t ions ,  and primary t a sk  perfonnance remains constant i n  the  
face of varying prfmary t a sk  d i f f i c u l t y .  To achieve t\is optirnal a l loca t ion  
behavior, the subjec t  is therefore  required t o  withdraw processing r.- -sources 
from performence of the secondary task,  and its p e r f o m n c e  should then vary, 
more or less phase-locked to  the d i f f i c u l t y  vi ,r iations of the primary task. 
An hypothet ical  example of t h i s  "optimum a l loca t ion  response" t o  a 
ramp increase i n  primary task d i f f i c u l t y  is depicted by the so l id  l i n e s  of 
Figure 1. 
with the infer red  a l loca t ion  of processing resources between the tasks.  
Note the d i f f e r e n t i a l  s e n s i t i v j t y  of primary vs. eecondary task  performance 
t o  the increase i n  priPraTy task d i f f i c u l t y ,  and the corresponding optimum 
a l loca t ion  of resources. 
may be observed as well. 
optimum a l l o c a t o r  i n  which resourceR are not a t  a l l  red ie t r ibu ted ,  and pr i -  
mary task performancp var ies  with its d i f f i c u l t y .  
between t h a t  of the optimal and nonoptimal a l l o c a t o r  is possibl.e, i n  which 
there  is -.)me rea l loca t ion  of resources, but i n  in su f f i c i en t  degree t o  meet 
the new primary taek demands. 
The time-varying performance on both t a sks  i s  portrayed, along 
Naturally, other  v a r i e t i e s  of a l loca t ion  responses 
The dashed l i n e s  i n  Figure 1 depic t  t h a t  of a non- 
Natural ly  a hybrid response 
The model t h a t  w i l l  be employed t o  describe the a l loca t ion  system 1; 
portrayed i n  Figure 2. Here the a l loca t ion  system is assumed t o  be a l i n t e r  
dynamic system i n  the sense t h a t  i t  receives inputs  ( task  demands and sub- 
j ec t ive ly  assessed performance) and generates outputs i n  response (mobilized 
processing resources). While these outputs cannot be d i r e c t l y  observed, they 
may be infer red  from an appropriately f i l t e r e d  on-line performance measure. 
Thus i n  dual  task performance, depicted i n  Figure 2, the dynamic r e l a t ion  
between the four inputs t o  the a l loca t ion  system ( d i f f i c u l t y  and performance 
demands on both tasks)  and the two outputs (Lark performance on each task)  
can be evaluated t o  determine the extent  t o  which these a r e  described by a 
l inear  t r ans fe r  function o r  order ly  mathematical r e l a t ion ,  
is analogous to  the ana lys i s  of duaL axis t racking (Reference 2) .  
Such a procedure 
When analyzing dual task performance, one may examine f o r  each task,  the 
s e n s i t i v i t y  of i t s  a l loca ted  resources ( inferred from performance) t o  changes 
In its own d i f f i c u l t y  (D P1 and D2P2 i n  Figure 2 )  and t o  change6 i n  the d i f -  
f i c u l t y  o r  performance ob the concurrent task (D P atid D2R1.). I n  the 1 2  
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Pllli: 
Figure 1. Hypothetical rerpmre depicting optlrnal a l loca t ion  ad j u r t -  
ment (solid l ines)  and nonoptimrl a l locat ion (dashed l i nes )  
1- __.__-. - - -__- 
__-_I-- 
Figure 2. Schematic represontation of dual task performance 
current  study Fourier ana lyr i r  w i l l  be en~plt~/ed t a  determine the t e l a t ion r  be- 
tween tlme-v8ying inputs (tracking ta rk  d i f f i cu l ty )  a d  the-vary ing  output8 
( f i l t e r ed  performance). To the extent  t ha t  the resource a l loca t ion  ryrtem 
i r  senr i t ive  a t  a l l  to  t h t r e  vatzationb, the l i n e r r  coherence mearure, cor- 
r e l a t ing  var i r t ions  over time between the input and output r igna l r ,  rhould 
be non-zero. More rpec i f i c r l l y  the crmr-ch8nnel (D P and D2P1) and l ike-  
channel (0 0 0nd D P2) coherence maru re  w i l l  be exhzned ab a roeanr of 
de t e rmin in~  h e  opt$mality of the rllc-.ation apster.  For a highly optimal 
rystea, the l i ke  channel coherence @,P 1 ehould be a low (near 0), wfth the 
the value0 ahould be reve&tsed> and for the hybrid care both coherence valuer 
rhould be re la t ive ly  high, 
c ro r rcbnne l  coherence (D P2) high (nCaC l 4  1.0). l o r  the wn-op t lml  a l loca tor  
559 
I f  suboptimal a l locat ion is observed i n  the present resu l t s ,  then an 
important question t h a t  can be asked r e l a t e r  t o  the source of the l imita- 
t i o n  i n  the a l loca t ion  system. 
al locat ion process as shown i n  Figure 2, one may ask whether the l imitat ion 
r e su l t s  from the operator 's  i n a b i l i t y  t o  perceive discrepancies between 
desired and ac tua l  performance ( f a i lu re  of e r ro r  evaluation), o r  from the 
inab i l i t y  t o  real locate  resource8 i n  response t o  an accurately evaluated 
erro;.. 
formanc . i n  a compensatory tracking task r e su l t s  from poor perceptual eval- 
uation of the displayed error ,  o r  from an inab i l i t y  t o  execute an appropriate 
control response . 
I n  terms of the two-phase descr ipt ion of the 
In  an analogous manner it is poroible t o  a rk  whether inadequate per- 
To invelrtigate the source of potent ia l  l imitations,  a separate set of 
experimental conditions were included i n  which the conventional instan- 
taneous tracking e r ro r  display war supplemented by augmented performance 
feedback tha t  dfsplayr the dircrepancy between the  desired leve l  uf primary 
task performance, and the runn4nq average of t ha t  performance (e.g., Reference 
3). To the extent t ha t  l imitat ions i n  the al locat ion system reoul t  from 
inadequate e r r o r  evaluation, ra ther  than limits of a l locat ion,  then the ex- 
p l i c i t  display of the discrepancies i n  performance ehould produce a correr-  
ponding approach toward optimality of a l loca t ion  (i.e., an increase i n  the 
crosr-channel, and decrease i n  the like-channel coherence) . 
METHOI) 
- Taoks. Sub j c c t s  perfonued two cornpenretory tracking taSk8, displayed 
The l e f t  display war one above the other with a s l i g h t  horizontal  o f fse t .  
controlled by l e f t - r igh t  manipulation of a spring loaded cont ro l le r  held i n  
the l e f t  hand. 
hand. The t o t a l  visual  angle rubtended by both dirplayr  was 4' (horizontal)  
x lo (ver t ica l )  . Dirturbance inputu conrirted of bad-l imited r h i t e  noise 
with an upper cutoff frequency of .32 Hr, Separate uncorrelated dieturbancer 
were employed on e8ch t a rk  and were added t o  the output of the. control dynam- 
icr. Control dynamic0 were of the form: 
The r ight  display was s imilar ly  controlled with the r igh t  
On trials of conrtant d i f f icu l ty ,  the value of the d i f f i c u l t y  parm~wter 
alpha w8r r e t  8t .SO. On variable d i f f i c u l t y  t r i a l r ,  the  value of aIph8 on 
one tark,  designated primary, wao driven by the function: a = .SO + Sin 
(.1884 t) + Sin (.0628 t), ( 0  C 0 < 1). Thio produced a oyrlea t h a t  var- 
ied continuourly between recond order unotflble dynamicr, f i r r t  order s t ab le  
dynamicr, and intermediate levalo irc a rer iev of rpikes and ramps (rec 
Figure8 3 and 4). Secondmy task d i f f i c u l t y  vao alwayr held constant with 
alpha = .SO. 
Supplementary perfonnance feedback of the primary t m k ,  used i n  var iable  
d i f f i c u l t y  t r i a l s ,  appeared a s  a bar graph varying i n  height t o  r e f l ec t  
change8 i n  performance (Reference 3). The perfonwnce bar reprerented in- 
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tegrated p r i a a y  task e r ro r ,  averaged over a s l i d i n g  5-recond window. The 
desired performance level,  indicated by a shor t  horizontal  l i n e  positioned 
about half  the dis tance from the zero point (no bar graph showing) t o  the 
top of the display,  re f lec ted  the sub jec t ' s  average perfornrence assessed fo r  
t r i a l s  of constant d i f f i c u l t y .  By t racking so t ha t  the bar  graph remained a t  
o r  above the desired performance l ine ,  the subject  a t ta ined  desired rtandards 
of primary task performance. 
Root mean squared e r r o r  (RHSE) was computed on l i n e  f o r  each task and 
Control s t i c k  and cursor  e r r o r  posi- recorded a t  the end of each t r i a l .  
t ions  were sampled and recorded on tape every 120 msec. 
was governed by a Raytheon 704 computer, 
Experimental control  
Design and Procedure. Eight right-handed male s tudents  a t  the Univtr- 
A within-subjects design was employed so t ha t  a l l  subjects  performed 
s i t y  of I l l i n o i s  par t ic ipated i n  the experiment and were paid f o r  par t ic ipa-  
t ion.  
a l l  experimental conditions.  Following one day's session of pract ice  on the 
dual ax i s  t racking tasks,  four experimental sessions were conducted. Within 
each session, subjects  performed 24 two minute dual task t r i a l s .  These con- 
s i s t ed  of 8 t r i a l s  of constant d i f f i c u l t y ,  of which the f i n a l  4 were used 
for  data  ana lys i s  (Phase I) ,  followed by 12 t r i a l s  of var iable  d i f f i c u l t y ,  of 
which the f i n a l  8 were used f o r  data  ana lys i s  (Phase 2 ) .  F ina l ly  the subjects  
receive< four more t r ia l s  of constant d i f f i c u l t y  (Phase 3). During constant 
d i f f i c u l t y  t r i a l s  subjects  were instructed t h a t  the two t a sks  were or' equal 
p r io r i ty ,  while i n  Phase 2 ,  the task of variable  d i f f i c u l t y  was designated 
as prmary- - i t s  perfonnance t o  be held constant.  On a l t e r n a t i n g  Phase 2 
t r i a l s ,  e i t h e r  the l e f t  hand task  or the r igh t  hand task was pr imary  (and was 
therefore  var iab le) .  
plemental feedback W A S  e i t h e r  present o r  absent . Similar ly  on a l t e rna t ing  pa i rs  of Phase 2 t r i a l s ,  sup- 
RESULTS 
RMS Error. Two 1-way repeated measure analyses of variance were per- 
formed on the RHS t racking er rors ,  one f o r  primary and one f o r  secondary task 
performance. The f m r  levels  of each ANOVA c o n ~ i s t e d  of Phase I, Phase 2 
feedback, Phase 2 no-feedback, and Phaae 3. The e f f e c t  of cncrdition on the 
petformnnce measures i n  both ANOVAs was highly r e l i a b l e  (Primary Tar , 
m h n  values of primary and recondrry ta rk  &# f o r  the four  condltionr 
a r e  shown In Table 1. I t  i r  apparent t ha t  large difference,  i n  both taskr  
- 107.98, p c .001; Secondary Tmk, F = 54.93, p < .001), The 2 1  
Table 1: RHS Errw (Pro-ortion of Scale 
Phase 1 Phase 2 Feedback Phase 2 No Feedback Phare 3 
Priawy Task 1146 . 1808 . I869 $1166 
Secondary Tis ic  .12W .2058 . I806 . 1147 
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were evident between the variable (Phare 2) and conatant d i f f i c u l t y  (Base r  1 
and 3) t r i a l s ,  a difference rubrtrnt ia ted by the experimental contrast  of 
Phare 1 with Phare 3 ao-feedback (Primary Task, P I - 153.0, p < ,001; Scc- 
onday Tark, P 31.8, p < .001). The e f fec t  if feedback, hOWtVtr, exam- 
ined i n  the c d t h r t  between the two Phare 2 conditioar,  war only r e l i ab le  
f o r  the Secondary Tark (P = 59.03, p < ,001). 
Coherence AnalYrir. The rerponre of performance t o  the  time-varying 
changer i n  tark d i f f i c u l t y  is i l l u s t r s t e d  in Figurer 3 (feedhck) and 4 
(no-feedback). The error measurer were rsroothed by averaging tracking i'W 
e r ro r  within a r l i d ing  2.4 recond window. There raoothed perfoxmncc re- 
cord8 were then earembled over t r i a l r  and rubjectr  to produce the data por- 
trayed i n  Figurer 3 and 4, It i r  evident in  there  f igurer  t ha t  to  some e%- 
t e n t  perforPrnce on both ta rkr  "tracked" the tin#-varying d i f f i c u l t y  para- 
meter, an observation t h a t  war born out by the  ana lyr i r  of l inear  coherence. 
1?7 
The l inear  coherence ana lyr i r  employed a Par t  Fourier Tranrfom Slgor- 
ithm (Reference 4) to  t r an r fo r r  time variat ionr  of primary t a rk  alpha and 
within t r i a l  error mearurer to  p e r  rpec t r r  i n  the frequency domain. Prom 
there tranrfoneed ~ # a r u r m ,  l i nea r  coherence valuer (Reference 5) were COR- 
puted cor re la t ing  var ia t ianr  mer time between PriPVry Tark d i f f i c u l t y  (alpha 
level)  and the perfor~nca measurer (within t r ia l  e r r o r  ave rago)  on both 
tarkr  . 
Obtained l inear  coherence valuer J arrerred a t  thc s i x  lawert frequency 
valuer that beat account fo r  var ia t ionr  of the t a rk  one alphc rignal,  are 
diaplayed i n  Figure 5. 
reasonably high in both c o ~ d i t i o n r  fo r  both m&aurer.  Rowever, primary t a rk  
d i f f i cu l ty  fluctuation8 rem t o  induce greater var ia t ion  i n  primary tadu than 
i n  recondary tark performance. Similarly feedback dcmonrtratcd l i t t l e  t f -  
f ec t  OR primary ta rk  coherence but a rmrll but conriatent  e f f e c t  on the co- 
hctenct v i t h  the recondary task. 
It ir  evident in Figure 5 tha t  l i nea r  coherence $8 
DISCUSSION 
The mort r t r ik ing  arpact of the data r e l a t e r  t o  the marked deter iora-  
t i on  i n  performance on both tarkc tha t  n r u l t r  when the  d i f f i c u l t y  of m e  i o  
mmdc variable. Thir war aunifert i n  a 60-70% increare i n  Rws error, derp i te  
the fac t  t ha t  the average value of the d i f f i c u l t y  parmeter alpha (= .50) 
i n  the var iable  d i f f i c u l t y  ta rkr  w a ~  equivalent to  i t a  value in the  conrtrnt  
cond i t ion . 
A rearonable explanation f o r  t h i r  difference can a t t t i b u t e  t h e  perfor- 
mance decrement t o  the higher level  cognitive procera required to  deal  with 
varyiag t a r t  demandc, i n  an e f f o r t  to  mett perforunce requfreaentr. I n  
rhort ,  the operation of the a t ten t ion  a l l o c a t h n  ryrtcm i t a e l f  require8 
procearing rerourcer i n  order t o  function i n  continuourly reevaluating and 
reaponding to  m r w r c e  deaacd changer. 
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t o  alpha. 
Propertier of the Allocation Syrter.  The proporition tha t  the r y ~ t e m  
u y  be modelled appmcba te ly  81) a linear dynraic oyrtem received mme rup- 
port in the current reru1trD both f roa  the re la t ive ly  h i& l inea r  taherence 
valuer obtained a t  the fnqueac inr  correrponding to  d i f f i c u l t y  variation, 
and ori the barir of vi8u. l  axamination of Figurer 3 and 4. Ia addi t ion to  
the p n e r a l  rerponrivenerr of p r f o r m n c e  on both taokr t o  the d f f f i c u l t y  
fluctuations demcribed above, two addi t fonrl  c b r a c t e r i r t i c r  of there  f i6-  
ure8 tha t  are not revealed by the coherence rnalyr io  are par t icu lar ly  rele- 
vant. 
1. The t ranafer  function of the a lpha-pr forwnce  dhta wao computed, 
and the amplitude ratio data  are plotted i n  the gain portion of the Bode plot  
rhaun i n  Fi6ure 6. Uhile the l inear  correlat ion of t h i r  rlope tr not high, 
and the n h t  of point8 (6) i r  too few ta allow any r t rong conclurionr, the 
l u p l i c a t i o ~  of thew data i r  that the rerponrr of the a l loca t ion  ry r t e i ,  a'+ 
Inferred from rubj rc t r '  pe r fomnee  i r  t o  lerd the d i f f i c u l t y  var ia t ion ar a 
KS ryrtem. That tr, performance i r  renr i t ive  to  the rate of change or first 
deriv8tlve of d i f f i cu l ty ,  ra ther  than Yo the abrolute level  of d i f f i c u l t y  
l t r e l f .  Thir behavior i r  graphically i l l u r t r a t e d  :n the reoponrc of prirury 
ta rk  performance to the rplke increara i n  alpha at  ti- t - 72 f a  Pigunr 3 
end 4. T h b  r e r u l t  i r  i n  cmlrart to  that obrervcd by Delp and Crorrwn 
(ReEercnce l)D who modelled the perfornrnce tarpaare to  d l f f i c u l t y  changer 
(their %eta@'-tranofer function) a0 a f i r r t  order, K/S, or in t eg ra l  ryoter. 
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The source of t h i s  difference is  not immediately apparent; it may be a t t r i b u -  
tab le  t o  e i t h e r  the repeated nature  of the d i f f i c u l t y  function employed i n  
the current  study t h a t  allowed the subjec ts  some degree of ant ic ipa t ion ,  t o  
the d i s c r e t e  s tep l ike  changes of t h a t  function, o r  t o  the dual  t a sk  environ- 
ment used here . 
2. Both f igures  ind ica te  the presence of r e l a t i v e l y  high frequency 
osc i l l a t ions  i n  secondary task  performance t h a t  do not correspond t o  var ia-  
t ions  i n  alpha. While these o s c i l l a t i o n s  might a t  f i r s t  be described as 
%oise," i t  should be noted tha t  they correspond very closely,  point-for- 
point i n  time between the separate  and independent rep l ica t ions  depicted i n  
Figures 3 and 4. A close correspondance of t h i s  nature would not  be pre- 
dicted from random v a r i a b i l i t y  i n  the  two rep l ica t ions .  Instead, these os- 
c i l l a t i o n s  bear a resemblance t o  the frequency response t h a t  a second order 
physical  system with spr ing loading might show t o  a s t e p  o r  impulse input, 
approximating the nature of the  d i f f i c u l t y  changes present ly  employed. 
While the precise nature or source of these osc i l l a t ions  cannot be estab- 
l ished,  t h e i r  presence nevertheless provides supportive evidence f o r  the 
l i nea r i ty ,  and invariant  propert ies  of the a l loca t ion  mechanism, and en- 
courages f u r  the r invest  iga t ion . 
Optimality of the Allocation System. The coherence ana lys i s  performed 
indicated c l ea r ly  tha t  subjec ts  d id  not  behave as the optimum a l l o c a t o r  of 
Figure 1. 
primary task perfqrmance was highly sens i t i ve  t o  primary t a sk  d i f f i cu l ty .  
X t  is therefore  important t o  ask why, i n  the present results, subjec ts  ap- 
peared unable t o  follow the  imposed p r i o r i t y  ins t ruc t ions .  
Kessel (Reference 6 )  showed tha t  when the d i f f i c u l t y  of a task ( i n s t a b i l i t y  
tracking) is increased between sessions i n  a dual task  environment, i t  is  
possible f o r  subjects  t o  hold tha t  task  performance constant--at  the ex- 
pense of secondary task  performance. Why then, when d i f f i c u l t y  was manipu- 
la ted  within a session i n  the current  experiment, was the   eve re l imi ta t ion  
observed? 
In  marked cont ras t  t o  the ins t ruc t ions  del ivered t o  the  subjects ,  
Wbckens and 
It appears unlikely tha t  subjec ts  simply ignored the ins t ruc t ions ,  as 
resources c l ea r ly  were withdrawn from the secondary t a sk  t o  dea l  with the 
d i f f i c u l t y  increase and were returned when demands were lowered, thus pro- 
ducing the high secondary task  coherence measure. 
e i t h e r  the resources withdrawn were not del ivered t o  the primary task,  o r  
a l t e rna t ive ly  tha t  the changes i n  d i f f i c u l t y  were eu f f i c i en t ly  abrupt t h a t  
smooth resource modulation could not occur (i.e., resource adjustment did not  
have su f f i c i en t  time t o  operate). 
v i sua l  inspection of Figure 3. Note following the d f f f i c u l t y  step increases  
a t  times t 
e r r o r  begins gradually t o  reduce as secondary t a sk  e r r o r  undergoes a corres-  
ponding increase, as i f  a t  t h i s  point  the subject  begins a gradual and ap- 
propriate  real locat ion of proceasing resources away from the secondary t a sk  
toward the primary, i n  accordance with instruct ions.  In  f a c t  a rough esti- 
mate of the lag between d i f f i c u l t y  increases  end secondary task  e r r o r  in-  
creaseip places t h i s  lag a t  approximately 2-3 seconds, a value t h a t  corres- 
ponds reasonably well t o  the 2.8 second lag  observed by Delp and Crossman, 
Instead i t  appeared t h a t  
This second hypothesis is  supported by 
24-28 and e 2 96 seconds tha t  i n  both instances primary t a sk  
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The implication of t h i s  observation is t ha t  the appropriate resource mobil- 
i za t ion  might be within the capab i l i t i e s  of the operator t o  a greater  extent,  
had the d i f f i c u l t y  t rans i t ions  been of the more gradual nature employed by 
De lp  and Crossman. 
Feedback. The contrast  i n  performance measures between the  augmented 
feedback and no-feedback conditions indicated fur ther  t h a t  the operator 's  
l i m i t s  were manifest i n  the rrecond s tage of the closed loop al locat ion sys- 
tem-the real locat ion of resources-rather than in the f i r s t  stage-the er- 
r o r  evaluation process. When t h i s  evaluation process was presuarably aided by 
exp l i c i t  presentation of the discrepancy between desired and obtained per- 
formance, no r e l i ab le  improvement in al locat ion behavior was observed, e i t h e r  
i n  the form of a reduction of primary task  error, or a reduction i n  its l in -  
ear coherence function wlth alpha. I n  fact ,  the only e f f e c t  of feedback 
tha t  was observed was a r e l i ab le  increase i n  secondary task error, and a 
corresponding increase i n  the secondary task coherence measure, as  t h i s  
task apparently became more responsive t o  the changes i n  primary task d i f -  
f icu l ty .  
While augmented feedback did not prove t o  be useful  i n  the current 
investigation, the conclusion drawn must of necessity be l imited,  It is 
qui te  l ike ly  tha t  the  d i f f i c u l t y  changes were su f f i c i en t ly  dramatic t ha t  
t h e i r  presence, and the resu l t ing  performance changes, were e a s i l y  observa- 
b l e  by the subjects. 
a sub-threshold deter iorat ion i n  performance tha t  could only be detected 
with the a id  of the augmented feedback. 
Changes of a more subt le  nature might have produced 
CONCLUSION 
The major l imitat ions of human performance in the variable d i f f i c u l t y  
paradigm, demonstrated i n  the present resu l t s ,  suggest that  t h i s  area war- 
ran ts  fur ther  exploration. 
a l locat ion a b i l i t y  of such variables as t ra ining,  the nature of the d i f f i -  
cu l ty  time functions, and the qua l i ta t ive  s imi l a r i t y  between the t ime-  
shared tasks. Through t h i s  research a be t t e r  appreciation can be gained 
not. only of the mechanism by which a t ten t iona l  resources a re  allocated, but 
of the fundamental nature of those resources themelves.  
ReRearch is needed t o  determine the  e f f ec t  on 
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Abstract 
This  paper c o n s i s t s  of t w o  parts. The f i r s t  p a r t  d e s c r i b e s  t h e  
problem of mult i - task a t t e n t i o n  a l l o c a t i o n  w i t h  s p e c i a l  re fe rence  to  
a i r c r a f t  p i l o t i n g ,  t h e  experimental  paradigm we u s e  t o  c h a r a c t e r i z e  
t h i s  s i t u a t i o n  and t h e  experimental  r e s u l t s  obtained i n  t h e  first 
phase of our research.  A q u a l i t a t i v e  d e s c r i p t i o n  of a n  approach to  
mathematical modeling, and some r e s u l t s  obtained with it are a l s o  
presented t o  i n d i c a t e  what a s p e c t s  of t h e  model are most promising. 
The second p a r t  of t h e  paper c o n s i s t s  of two appendices which (1) d i s -  
c u s s  t h e  model i n  r e l a t i o n  t o  graph theory and opt imiza t ion  and (2)  speci-  
f y  t h e  opt imiza t ion  algori thm of t h e  model. 
1. I n t r o d u c t i o n  
We t h i n k  t h a t  a n  increas ingly  c r u c i a l  a s p e c t  of p i l o t i n g  an  a i r -  
c r a f t  is "multi-task a l l o c a t i o n  of a t ten t ion" .  The p i l o t  must monitor 
many more systems than before,  most of which are growing i n  complexity. 
I n  e a r l i e r  days f l y i n g  the  a i r c r a f t  "by t h e  seat of t h e  pants" w a s  
d i f f i c u l t ,  but  p i l o t i n g  was, more o r  less, a cons tan t  task.  It was ob- 
vious t h a t  t h e  p i l o t  could keep t r a c k  of what was being c o n t r o l l e d  a t  
what time and how well t h a t  was working because he was doing i t ;  he was 
in t h e  loop and could see or f e e l  i t  d i r e c t l y .  
A s  systems become automatic t h e  p i l o t  himself tends t o  l o s e  t r a c k  
of what s i g n a l s  are coming i n t o  what subsystem and what response t h a t  
subsystem is making. 
automatic systems do j u s t  f i n e .  Indeed i f  we demanded t h q t  t h e  p i l o t  
a c t u a l l y  perform a l l  func t ions  which are now automated it is c l e a r  he 
couldn ' t  do a f r a c t i o n  of such tasks .  Yet we expect him t o  monitor a l l  
such func t ions ,  and at t h e  f i r s t  o v e r t  alram o r  even s u b t l e  evidence of 
f a i l u r e  w e  expect him to  be a b l e  t o  render a quick a c c u r a t e  d iagnos is  of 
t h e  problem and set i t  s t r a i g h t .  
Most of t h e  time when everything is normal t h e  
We c a l l  t h e  p i l o t  a " f l i g h t  manager" o r  "supervisory c o n t r o l l e r "  and 
we Bee him in t h e  image of a corpora t ion  manager with leg ions  of d u t i f u l  
automatic s e r v a n t s  doing h i s  w i l l  and br inging  him information as he de- 
sires i t .  The problem is t h a t  t h e  corpora te  manager has time t o  ponder 
and i n v e s t i g a t e  and weigh evidence and cons ider  h i s  dec is ions .  He o p e r a t e s  
+ research  supported by NASA Grant p--mf& : NSG 2118, 
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on a human time scale: 
vehicle" about t o  go bankrupt he has a t  l e a s t  a few minutes t o  decide 
what's wrong and what t o  do about it. The f l i g h t  manager doesn't.  
i f  t he  corporation manager sees h i s  "production 
The general  research quest ions implied are: 
What are the  expected behaviors and what a r e  the  l i m i t s  of a 
person's capabi l i ty  t o  a l l o c a t e  h i s  a t t e n t i o n  among many s imul-  
taneous tasks  of varying importance and varying urgency, a s  a 
function of the number of tasks,  the gerieral pace a t  which they 
occur and other  s a l i e n t  parameters? 
I f  there  is a normative o r  optimal way a person should perform 
such a task,  can i t  be spec i f ied  as a quan t i t a t ive  model, and 
how c lose  does a t ra ined person come t o  behaving optimally'? 
What a r e  the implicat ions for  improving the  design of the  man- 
machine systems i n  which the  p i l o t  must perform such multi- task 
a l loca t ion  decis ions? 
2, Experimental Paradigm 
To charac te r ize  such a multi- task decision-making s i t u a t i o n  w e  have 
developed a very general  experimental paradigm and an associated model. The 
experimental paradigm requires the  subjec t  (or  decision-maker DM) t o  s e l e c t  
one a t  a time from among a number of blocks ("tasks") of d i f f e r e n t  he ights  
and widths displayed simultaneously on a CRT (Figure 1). 
made by holding a cursor  even with the  block "attended to" is i n  order  t o  
maximize h i s  reward, where t h e  earning r a t e  i s  proport ional  t o  the displayed 
"importance" ( indicated by the  height of each block) and the  "productivity 
ra te"  ( the  rate a t  which the  block decreases i n  width when "attended to"). 
Blocks appear a t  random dis tances  from a "deadline" and move a t  constant  
ve loc i ty  toward tha t  deadline,  disappearing when they f i r s t  touch it. 
ious task parameters have tu  do with the frequency a t  which new blocks ap- 
pear, the speed with which they move toward the deadline,  the v a r i a b i l i t y  
i n  importance, the v a r i a b i l i t y  i n  how f a r  from the deadl ine they f i r s t  appear,  
and so on. 
His se lec t ion ,  
Var- 
The t o a l  i s  t o  "remove" as much block area as possible.  
In  one experiment blocks cont inual ly  appear with exponential  d i s -  
t r i b u t i o n  i n  time. 
of t h e  run; no new ones appear thereaf te r .  
In  a second experiment a l l  blocks appear a t  the  s t a r t  
' 
An important f ea tu re  of the experiment i s  t h a t  blocks do not queue 
up f o r  se rv ice ,  i.e., i f  a block reaches the  deadl ine the  opportunity t o  
earn its reward is  l o s t .  We cannot say f o r  sure ,  however, whether blocks 
queue i n  the  operator 's  mind for  a t t e n t i o n  i n  correspondence t o  the f a c t  
t h a t  a t  any one in s t an t  of time there  may be some blocks which are Ear from 
the deadline and o thers  which a r e  close.  The c lose  ones, of coursc, may be 
of l i t t l e  importance, s o  o f t en  i t  is b e t t e r  t o  a t tend  t o  more important 
tasks  which a r e  f a r t h e r  from the deadline i n  order  t o  ensure t h a t . a l 1  of 
the r e a l l y  important ones do get attended t o  before  the  deadline.  
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Figure 1. Experimental Computer Display of Moving Blocks Representing Tasks 
&I u I.( #a s8 . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  
e . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  
i d  : : : : 
t.2 ; . . . 
.m. : : : 
.-. . . . 
" .  . . . 
. * ...I.. . . 3:::; ; : .n.""" . 
. . . . .  . . . . .  . . . . .  . . . * .  
. . . a .  . . . . .  . . . . .  . . . . .  . . . . .  
. e . . .  . . . .  : : : : I  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . . . *  . . . . -  . . . .  m . . . . .  . . . . .  
* . .  . . . . .  . . . . .  
. . . a .  . . . . .  . * * *  . . . . .  . . . . .  . . . . .  . . . . *  
. m R u G n  1; .:r .* * 
Figure 2 .  
Trajectory 
Record of D.N. 
i n  Red Time 
's Action 
571 
Figurk 2 . i l l u s t r a t e s  a means we have used t o  obta in  a time-plot 
of which block the  subject  selects i n  which queue (col.ufi~n lieaclings). 
Printed symbols in each column t e l l  t h e  service time the block requlrea, 
t h e  time the block w i l l  be  ava i lab le ,  and the  value t o  be obtained. 
Having informally experimented with t h i s  s i t u a t i o n  with a var i e ty  
of parameter combinations we are now i n  a pos i t ion  t o  claim t h a t  the 
experiment does seem t o  simulate various attentional demande which are 
placed on the  p i lo t .  Some taeke 
are urgent, but of modest importance; some are urgent  and of grea t  impor- 
tance; some are not urgent and of modest importance; some are not urgent 
but  of grea t  importance t o  be done before the  deadline.  
These vary considerably i n  duration. 
3,  Experimental Results 
As t h e  f i r s t  phase of t he  second author 's  doc tora l  t hes i s ,  experi- 
ments with human subjec ts  have been run with var ious  e x p e r h e n t a l  para- 
meter combinations. Because t h e  number of such poss ib le  combinations is 
so l a rge  we have invest igated the  e f f e c t s  of changing one parameter a t  a 
time, relative t o  a "baseline condition". 
runs the subject  worked with 3 queues of blocks ( taeks)  and runs l a s t ed  
400 seconds, Seven changes i n  
parameters are indicated below, made one run a t  a time, a l l  other  parameters 
matching the basel ine condition i n  each case. 
by each of th ree  subjects ,  the range of t h e i r  data ,  the  average, and the 
t o t a l  possible  are given. 
Table 1 ind ica t e s  t h a t  f o r  a l l  
The basel ine parameterm are given above. 
For each the  values gained 
I n  Table 1 i t  is seen t h a t  a considerably higher speed of blocks 
moving toward the deadline (2) reduces the  score, b u t  not much, conpared 
t o  t h e  basel ine (1). Greater va r i a t ion  i n  block speed (3) makes l i t t l e  
difference.  A reduction of i n t e r a r r i v a l  time (4) of blocks means more 
blocks become ava i lab le  - more opporunity is  the re  f o r  earning a score - 
but a smaller f r ac t ion  of these are completed. 
( task  value dens i t i e s )  became mare var iab le  ( 5 )  t h e  n e t  karnings are 
l i t t l e  affected,  though the  presence of a few very l u c r a t i v e  blocks doubles 
the t o t a l  possible  score. Giving p a r t i a l  c r e d i t  ( 6 )  f o r  product ivi ty  
(a l locat ion)  on a task  when it h i t s  the deadline increases  the  earnings 
l i t t l e  more than one percent, which is surpr is ing.  Lowering product ivi ty  
(7) has the  most s ign i f i can t  e f f e c t ,  as seems i n t u i t i v e l y  reasonable - bu t  
the  reduction i n  score is not qu i t e  i n  proportion t o  the forced reduction 
i n  rate of doin8 tasks. 
As t h e  height of blocks 
4, A Mathematical Modeling Approach 
To accompany the  experimental task,  we have developed a mathematical 
model which can be  run on the  computer immediately after any human da ta  run, 
(%e re la t ionship  of the model t o  graph theory i n  general  and the  f u l l  eprci- 
f i c a t i o n  of the model algorithm given i n  Appendices 1 and 2 respect ively) ,  
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ORlGINAL PAGE IS 
OF POOR QUALITY 
. 
COPIMON CONDITIONS 
3 queues, 400 s e c  dura t ion  
9: AVAILABLE VALUE GAINED BY SUBJECTS AVG . I 
BASELINE CONDITION 
Task I n t e r r i v a l  time, exponent ia l  d i s t r i b u t i o n ,  mean = 20 seclqueue 
a l l  t a sks  appear 5 u n i t s  away from the  deadl ine  
all.  t a sks  2.5 u n i t s  i n  dura t ion  
TOTAL POSSIBLE 
VALUE (UTILE'S) 
a l l  t a sks  speed toward deadl ine  a t  0.1 u n i t s l s e c .  
p roduc t iv i ty  on all t a sks  0.5 u n i t s  pe r  sec. 
P a G E  
.029 .929 
,061 ,891 
,027 .918 
value dens i ty  rec tangular  d i s t r i b u t o r  0 - 1 u t i l e s l s e c  
No part ia l  c r e d i t  was given i n  the  base l ine  case.  
98.7 
98.7 
98.7 
CONDITION 
.014 .802 122.2 
I ' .044 .929 197.6 
,023 .940 98.7 
,018 * 659 98.7 
1 Basel ine,  B 
2 More speed 
(2.5 B)  
3 Variable speed 
( r e c t ,  ,051-2.5) 
I DY KT SJ 
1 
,913 ,931 .942 
.917 ,880 .e78 
.934 .907 ,912 
4 Less i n t e r a r r i v a l  
5 Nore var ied  
time (0.75B) ,803 
value dens i ty  
( r e c t  d i s t  0-2) .946 
6 Baseline,  but 
with p a r t i a l  
c r e d i t  ,943 
7 Less produc- 
t i v i t y  (0.5B) ,642 
,809 .795 
,940 .go2  
.949 ,926 
,660 .650 
Table 1 
Some Experimental Resul ts  
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The model is e s s e n t i a l l y  a dynamic program which c a l c u l a t e s  an  optimal 
" a t t e n t i o n  a l l o c a t i o n  hrajectory" f o r  a l l  t h e  blocks present ,  and then t a k e s  
t h e  f i r s t  s t e p  of t h a t  t r a j e c t o r y .  
dynamic programming c a l c u l a t i o n  is repeated. 
t h r e e  parameters t o  make i t  human-like. 
according t o  var ious  c r i te r ia  u n t i l  the  model b e s t  f i t s  experimental  da ta .  
One parameter is a time delay  T, simply ai.justed t o  match human motor reac- 
t i o n  time p l u s  d e c i s i o n  time. 
As soon as each new block appears,  t h e  
The model is cons t ra ined  by 
The parameters may be adjusted 
A second parameter is a l i n e a r  discount ing of importance of la ter  
blocks i n  var ious  a l t e r n a t i v e  t r a j e c t o r i e s  which t h e  dynamic programing 
algori thm compares t o  determine which t r a j e c t o r y  c o s t s  least. This  d i s -  
count rate we c a l l  6. 
n a t i v e  trajectories f o r  f u t u r e  a c t i o n ,  what t h e  model e a r n s  i n  t h e  more 
d i s t a n t  f u t u r e  weights j u s t  as heavi ly  as what i t  e a r n s  i n  t h e  very  next  
s t e p .  Large f3 means t h e  model d i scounts  t h e  f u t u r e  completely and only  
cons iders  a l t e r n a t i v e  next  s teps .  
Zero 6 means t h a t ,  i n  present  eva lua t ion  of alter- 
A t h i r d  parameter, y, is  a l i n e a r  d i scount  rate on d i s t a n c e  of blocks 
( t a s k s )  from t h e  deadl ine,  determined anew a t  each success ive  model 
i t e r a t i o n .  Zero y means that, i n  dec id ing  what t o  do next ,  blocks f a r  
from t h e  deadl ine  are j u s t  a s  heavi ly  weighted as those  c l o s e  t o  i t  
(mul t ip l ied  by t h e  blocks'  i n d i v i d u a l  importance). 
model only a t t e n d s  t o  what is c l o s e  t o  t h e  deadl ine.  
ou t  bonf i res"  s t r a t e g y .  
Large y means t h e  
It is a "put t ing 
It may seem a t  f i r s t  reading t h a t  B and y mean t h e  same thing,  bu t  
t h i s  is not  t rue ,  and i n  f a c t  i t  was our experiments which led  u s  t o  see 
t h i s  d i s t i n c t i o n :  
point  is t h a t  time i n t o  t h e  f u t u r e ,  wi th  r e s p e c t  t o  a l t e r n a t i v e  sequences 
of (planned) a c t i o n ,  i s  q u i t e  d i f f e r c n t  from opportuni ty  time a v a i l a b l e .  
I n  o t h e r  words, t h e  t a s k  which is f a r  from t h e  deadl ine  can be done f i r s t ,  
and t h e  one which i s  close t o  t h e  deadl ine  done l a t e r .  The only  a b s o l u t e  
c o n s t r a i n t ,  of course,  is t h a t  no t a s k  can b e  "done" a f t e r  i t  c r o s s e s  t h e  
deadl ine.  
t h i s  aspec t  of t h e  model grew out  of t h e  research.  The 
5.  Results from t h e  Model 
We now have experimented wi th  t h e  model i t s e l f  on v a r i o u s  multi- task 
s i t u a t i o n s .  
t h e  o u t s e t  we have v e r i f i e d ,  as expected, t h a t  zero 13 and zero  y are b e s t .  
A l l  information is  known from t h e  s ta r t ,  and a n  optimal t r a j e c t o r y  as de- 
termined by dynamic programming is optimal i n  an a b s o l u t e  sense. 
I n  those s i t u a t i o n s  c i t e d  above where a l l  blocks appear a t  
Curiously,  t h i s  is  not t r u e  o f  t h e  experiment where blocks appear 
Let u s  recall t h a t  t h e  dynamic programing algori thm com- cont inua l ly ,  
putes  an optimal t r a j e c t o r y  based on what blocks a r e  i n  view a t  t h e  time, 
then commits itself t o  t h e  f i r s t  s t e p  of t h a t  op:!mal t r a j e c t o r y .  Thus, 
i f  t h e r e  is  discount ing i n  "planning time", optimaS may b e  t o  do a rela- 
t i v e l y  unimportant but  about-to-diaappear task ,  s i n c e  t h e r e  is j u s t  time 
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n to  empieto ah impor wh$cli i s  t he  one a v a i l a d .  But, 
le doing @a unim$rea t t a n t  task appears 
h the. same opportuniiy timeas the other tmpo t one. A choice must 
ade hetween the  two impoflatrt taskst ,since o 
attended,)o at: a tip; one fmpaletant: task must; be Iqst. Had the modal 
expected t h e  new impoftant task was.coming It would lrsve attended fired 
to  the ava i lab le  important task,  ignciring the  uflimpdrtant close-to-deod- 
l i n e  one, and then had time avai lab le  for t he  new important one, 
stances of t h i s  e f f ec t  are revealed i n  siululation runs desctlbed below. 
Our model runs thus f a r  ha$ been made with varying ‘f values (reae- 
, suppose a new 
ne task’ cad-’ be 
In- 
tion tines) and e i the r  varying f3 or vazying y, 
matched t o  y e r a g e  react ion times of expe raen ta l  subjects  on a one- 
run-at-a- time bas i s  , 
We have le t  the computer compare human DM results with computer 
1) per- 
z values have been 
results separately on t h e  basis  oE f i v e  d i f f e ren t  c r i t e r i a :  
cent value gained for  the given run out of the  t o t a l  poesfble value 
obtainable; 2) percentage of a l l  completed tasks independenk of duration 
or importance; 3) percentage of time both model and human subject  acted 
on t h e  same tasks at the same time; 4) squared differences between cumu- 
l a t i v e  value gained by model and human, summed over t h e  e n t i r e  run; 
5) squared differences between incremental value gained by model and 
human f o r  brief time in te rva l ,  summed over the e n t i r e  run, 
Figures 3 through 7 show examples a€ five m s d s l  runs. Figure 3 Ss 
fox subject KT for t h e  baseline experimental conditions, 
for  the same subject for a speed 2 3  timas as great  as the baseline,  
Figures 5, 6, and 7 a m  for three d i f f e ren t  subjec ts  for a productivity 
half that of the  baseline. On each page are tan plots, each p lo t  repre- 
sent ing a series of model rune at d i f f e ren t  valuuaa of 6 (left column, see 
abscissa below f s r  value of B) w i t h y  0 ,  or modal runs e t  d i f f e ren t  
values of y (t ight:  column) with 6 - 0, Pointr  symbolized by X are model 
rune. The horizontal  lines represent human data for  the given experimental 
condition. Each row i s  
fo r  measures according t~ B d i f f e ren t  criterion, aa indicated,  Thus a l l  
points on any v e r t i c a l  slice represent the  same model run. Ordinate 
vraluss ut! t he  performance criteria are shown at  the  right, 
Figure 4 is 
Circles are comparisons between human and model, 
Thus, considering the p b t s  in order &rom fop c r i t e r i o n  te  bottora, 
the top one i s  to  be nraxrtmired (or matched to the line f ~ r :  best: f i t  to 
human), Tlw X plot of the, sacsnd m u  is t o  be maximi2ed (or wukched t o  
the  line for beat f i t  t o  human)$ the. circles on thfs p l o t  represent X 
of tasks wkich are cmmn to w d s l  and human, and care to. be rpirxbized, 
The t h i r d  plot it3 to be abaxiasizad, the fourth and f i f t h  are t o  be reinhired, 
modal ~ l o s e l y  approxihiatas t h e  humn, a t  &wet! values of B y d a i n t  
slightly b e t t e r  (ae oar would expect BOW little or no discount) while 
a t  higher values doing slightly worse (where t h e  modal is not allowed 
For the f i r s t  criterion ( X  value gained) i t  1s evident that the 
t o  “plan ahead”, f ed , ,  @ &S b g e ,  or i s  not olhwed te coa@&ddgr b h k 8  
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far from the  deadline,  i.e., y is la rge) .  In t e re s t ing ly ,  however, f o r  
da ta  on the f i r s t  two pages zero 13 is not q u i t e  as good a s  a s l i g h t l y  
l a rge r  8.  The t h e o r e t i c a l  reason f o r  t h i s  was discussed above, i.e., 
with a s l i g h t  discount ing of the  fu tu re  t h e  model is more a p t  t o  do the  
most important block f i r s t ,  and be more open t o  new blocks which have 
high payoff . 
I n  everyday terms, t h i s  suggests  t h a t  a person with l o t s  t o  do, 
l i t t l e  time t o  do i t ,  and new tasks  cont inua l ly  popping up with rela- 
t i v e l y  sho r t  deadlines,  should not plan too f a r  ahead. 
do t h e  most important thing f i r s t ,  ignoring t h e  closest-to-deadline 
f ac to r .  As he has t i m e  t o  see what's coming f a r t h e r  i n t o  t h e  fu tu re  
and doesn't. expect many new oppor tuni t ies  t o  be popping up, he should 
p l a n  ahead.' 
Mostly he should 
With respect t o  t h e  second c r i t e r i o n  (% t a sks  completed) i t  is 
i n t e r e s t i n g  t h a t  the model and human match prec ise ly  i n  a mid range 
of 8 which is also the  best match of model t o  human f o r  _tasks which 
a r e  common t o  both model and human. This suggests  (1) t h a t  a P i n  
t h i s  range is a good candidate f o r  a model, (2) t h a t  the higher t a sk  
completion capab i l i t y  of the  model i n  ot.her B ranges,  without con- 
corninitant increase i n  t o t a l  value gained, meant i t  was wasting time 
on unimportant tasks .  
o r  so cons is ten t ,  and we begin t o  see t h a t  y seems not  t o  be  a very 
meaingful parameter. 
The y f i t s  for  t h i s  c r i t e r i o n  are not  so good 
As f o r  t he  next parameter, % of time ac t ing  on the same task  a t  
the  same t i m e ,  i t  appears t h a t  the 6 curve peaks a t  approximately the 
same value f o r  s eve ra l  of the  subjec ts ,  bu t  again the  y curve is not 
very in t e re s t ing ,  
The curves for  the  f inal .  two c r i t e r i a  seem t o  have l i t t l e  t o  o f f e r ,  
except- t h a t  the four th  curve cons is ten t ly  takes  a jump (ge t s  worse) f o r  
B values  a t  0.1 o r  la rger .  
Further experiments w i l l  seek t o  r e f i n e  the  model, the f i t t i n g  
c r i t e r i a ,  and possibly add an estimator of fu tu re  t a sks  t o  the  op- 
t i m i z a t  ion algorithm. 
581 
rk 
Appendix 1. The Model i n  Rela t ion  t o  Graph Theory 
The paradigm descr ibed i n  t h e  paper w i l l  r e s u l t  i n  a graph GT(t )  = 
G(N;A) wi th  N nodes and A arcs, where each node r e p r e s e n t s  a t a s k  and 
arcs r e p r e s e n t  t h e  t r a n s f e r  p r o p e r t i e s  between t h e s e  tasks .  
rewards a s s o c i a t e d  wi th  d i f f e r e n t  nodes can b e  d i f f e r e n t  and delay-( time-) 
dependent. 
t h e  nodes and t h e  t r a n s f e r  times between them can be d i f f e r e n t .  There- 
f o r e  i n  a reward-tinre (r-t) coord ina te  framework w e  have graph G (t) as 
shown i n  Figure A l ,  
Note that  
Also t h e  processing (or  se rv ice)  and a v a i l a b i l i t y  times of 
T 
Note t h a t  i n  F igure  A1 T v a l u e s  r e p r e s e n t  t r a n s f e r  times between 
nodes, which i n c i d e n t a l l y  can be direction-dependent,  such t h a t  grecedence 
c o n s t r a i n t s  can be imposed. 
and ')processing t i m e " ,  r espec t ive ly .  
with t h e  t a s k s  are cons tan t  u n t i l  they h i t  t h e  deadl ine,  t h e  r-t curve 
a s s o c i a t e d  with a node w i l l  be  as shown i n  Figure-A2a. Far  t h e  case i n  
which t h e  DE.1 can g e t  par t ia l  c r e d i t ,  however, t h e  rewards, r a t h e r  than  
being Fixed-Loss, w i l l  be  as shown i n  Figure-A2b. 
t R ,  t D  and tP are "ready-tine", "deadline time" 
Note t h a t  when t h e  rewards a s s o c i a t e d  
S I n  t h e  Figure A2 t is the  s l a c k  time, i .e .  t h e  la tes t  time; i f ,  
during which t h e  t a s k  is  completed a l l  t h e  reward a s s o c i a t e d  w i t h  t h e  
t a s k  can b e  gained. Note t h a t  " t i m e  ava i lab le"  is  deadline-time minus 
ready-time : A D R  t = t  - t .  
One i n t e r e s t i n g  observat ion t h a t  can be made from Figure-A1 is t h a t  
i n  G T ( ~ )  graphs t h e r e  may n o t  be enough time to  g e t  t h e  rewards of a l l  
nodes N. I n  f a c t ,  w e  can i n f e r  from t h e  same f i g u r e  t h a t  t h e  best 
schedule  t h a t  can be chosen i n  t h e  p a r t i c u l a r  graph G T ( ~ )  is I[ = (2,1,4) 
which does not  inc lude  node ( task)  3. 
A t  t h i s  p o i n t  w e  d i g r e s s  and consider  t h i s  sequencing problem i n  
r e l a t i o n  t o  o ther  common combinator ia l  problems l i k e  Job-Shop Scheduling, 
Travel ing Salesperson, etc. (Golden and Magnanti, 1977). 
We can d i f f e r e n t i a t e  t h e  sequencing problems l i s t e d  i n  Table-A1 
according t o  t h e  following cri teria:  
1) 
2) 
3) 
4) 
5 )  
6 )  
7) 
W i l l  m u l t i p l e  journeys between t h e  nodes be counted mul t ip le?  
Can w e  add extra nodes? 
Can t h e  rewards a s s o c i a t e d  with the nodes be delay-dependent? 
Can the  t r a n s f e r  de lays  be.tween d i f f e r e n t  p a i r s  of-nodes be 
d i f f e r e n t ?  
Is i t  imperat ive t o  r e t u r n  to  t h e  base node? 
Is i t  necessary t o  s a t i s f y  t h e  above requirement b e f o r e  a 
c e r t a i n  de lay ,  TR? 
Can t h e  graph G ,  desribii ig t h e  problem change dynamically in t h e ?  
z 
See list of symbols a t  end of Appendix 2. 
r in- *" et, * 
FIGURE A l .  A Schedulex  = (2,1,4) for Multi-Task Attention 
Allocation on Graph GT(t) = G ( N ; A ). 
FIGURE A2 Reward-Time Curves for a Task (a) when no Partial. 
Credit is Giveti, and (b) when Partial Credi t  i s  Given. 
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Using these c r i t e r i a  w e  have l i s t e d  some common combinatorial  optimiza- 
t i o n  problems with two new ones: 
a) Minimum Spanning Trees, MST (Kruskal, 1956) 
b) Ste ine r  Tree Problem, STP (Nijenhuis & WilP ,  1975) 
c) Job-Shop Scheduling, JSS (Elmaghraby, 1968 and Sahni, 1976) 
d) Hamilton Cycle, HC; a l ias  the  Traveling Salesperson Problem 
(Held 6 Karp, 1962) 
e) Open Tulga-Path, OPT; a l ias  Multi-Task Attent ion Allocation, 
f )  Closed Tulga-Path, CTP 
Note t h a t  ir;' Table-A1 the  ind ica to r  '0' means tha t  the  p a r t i c u l a r  cri- 
t e r i o n  need not  b$ s a t i s f i e d  fo r  the problem a t  hand, while  i nd ica to r  '1' 
is fo r  t he  opposi te  case, with 'N/A* ind ica t ing  t h a t  t h e  c r i t e r i o n  is not  
appl icable  fo r  t he  problem. 
some of the  problems, 
Problems 1's. 
Criteria: MST STP JSS HC OTP CTP 
F i g u r e 4 3  is a schematic representa t ion  of 
* - OTP descr ibes  Multi-Task AttentiFn Allocation. 
1 0 0 1 1 . 1  1 
2 0 1 N f A  N/A N/A N/A 
3 0 0 1 0 1 1 
4 1 1 0 1 1 1 
5 0 .o 0 1 0 1 
6 0 0 0 0 0 1 
7 0 0 0 0 1 1 
Table-Ale Proper t ies  of Various Sequencing Problems. 
Before returfl ing t o  the  Mu1 ti-Task Supervisory Control, t h e  reader  
can observe from Figure-A3 tha t ,  i f  t he  requirement was t o  se rve  a l l  t he  
nodes ( tasks)  with minimum number of con t r o l l e r s  (or  processors o r  vehi- 
c l e s  o r  people, e tc . )  another con t ro l l e r  might have been assigned t o  
node-3 i n  Figure-A3(iii),  and the  OTP problem w i l l  become an advanced 
version of t h e  'Bin-Packing Problem', (Johnson, 1974) The reader  may 
note  here  the  case of computer a id ing  (2nd. con t ro l l e r )  of the  human 
operator (1st . con t ro l l e r ) .  (Rouse, 1977) Similar ly  i n  Figure-A3( iv)  an 
extra vehic le  can serve node-3 and come back t o  the  base node before  
Tc; however, unless  the r e tu rn  time TR is s u f f i c i e n t l y  la rge ,  node-4 
cannot be served whatever the number of vehicles ,  but  as TR increases  
3, then 2 vehic les  w i l l  be enough t o  serve a l l  the nodes: 
becomes an advanced 'Vehicle-Routing Problem". (Golden, 1976) 
t h e  CTP then 
We can see from F i g u r e 4 3  tha t  Multi-Task Attent ion Allocat ion 
Paradigm i s  representable  by the OTP Combinatorial Problem when we con- 
s ide r  t ha t  node 0 (base node) is where the DM curren t ly  is, and 4 tasks  
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FIGURE A3 Graphical Representation of Some Sequencing Problems 
FIGURE A 4 .  The Keturn,for a Task,as a Function of Time for the Partial 
Credit Mode 
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are (or w i l l  be) ava i l ab le  with d i f f e r e n t  proper t ies ,  
a c t  on the  f i r s t  t a sk  of t he  optimal schedule, no = (2,1,4), i.e. t a sk  2 ,  
The DM w i l l  then 
Note however, t ha t  new tasks may appear on t h i s  graph CT(t.) probabi- 
l i s t i c a l l y  according t o  the  i n t e r a r r i v a l  rates and with the  t a sk  para- 
meters explained i n  the  paradigm sec t ion ,  and t h e  th?-rLg t o  be maximized 
i s  the reward gained a t  the  end of  t h e  experiment, so t h a t  t asks  t h a t  are 
going t o  appear cannot be ignored. 
i s  time-dependent, then the  optimal schedules n"(t)  on them are time- 
dependent too. 
That is  t o  say: s ince  graph GT(t) 
Appendix 2. Optimization Algorithm of the  Model 
I n  choosing h i s  cont ro l ,  i.e., which task  t o  a t  upon, w e  can model 
the DM as an optimal con t ro l l e r  who maximizes h i s  expected r e tu rns  over 
a planning horizon. (Koopmans, 1964). I n  pa r t i cu la r ,  the DM w i l l  act  
t o  maximize h i s  expected t o t a l  r e tu rns  over a f i n i t e  planning horizon, 
T, with a discount funct ion B(@, t): 
max . n 
i n  which t h e  summation is over a l l  t he  tasks  ( i , j ) ,  which co l l ec t ive ly  
make up the  ordered task  set, schedule n,  t ha t  t he  DM expects t o  a c t  
upon over h i s  planning horizon. R i j ( t )  is the  r e t u r n  he  g e t s  f o r  ac t ing  
on (or completing) the  t a sk  ( i , j )  during (or  a t )  t i m e  t. 
For the case i n  which t h e  DM g e t s  credit continuously while ac t ing  
on a t ask ,  t h e  R i d  ( t )  w i l l  be as shown i n  Figure-A4. 
DM plans t o  s t a r t  a c t  ng on the  task,  t h e  value dens i ty  of the task,  the  
durat ion of the  task,  and the  product ivi ty  of the DM f o r  the  task  ( i , j ) ,  
respec t ive ly  . 
In Figure-A4, til, P i j ,  d i j ,  pi3 represent, t he  t i m e  a t  which the 
I f  however, the DM is gaing t o  ge t  ( f u l l )  c r e d i t  only a f t e r  success- 
f u l l y  completing a task,  then the R i j ( t )  w i l l  be as shown i n  Figure-AS, 
I' = (n;, n2, ...) t ha t  he in tends  to  act  upon t o  maximize h i s  expected 
re turns ,  and then he w i l l  a c t u a l l y  a c t  upon the  f i r s t  t a sk  JT;, i n  t h i s  
ordered set of tasks .  
The DMA i n  e f f e c t ,  w i l l  choose a t  each decis ion point  a schedule 
I t  is probable and acceptable  tha t  he might have t o  give up on 
ac t ing  on.some tasks when t h e i r  ' ava i lab le  times' a r e  small - due t o  
t h e i r  high speed and/or due t o  t h e i r  proximity t o  the  deadl ine - o r  
when they have comparatively low value denqi t ies ,  espec ia l ly  i n  compe- 
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FIGURE AS. The Return,for a Task,as a Function of Time for the No-Partial 
Credit Mode. 
FIGURE A6,  Increasing Yriaritiss 01 DSEfet’ent Tasks QS They 
Wait EO be Served, 
t i t i o n  with o ther  simultaneously ava i l ab le  tasks  which are preferred i n  
these  respec ts .  Another important parameter, of course, is the  trans- 
f e r  time Tii ' ,  between the  queues. He has t o  consider the f a c t  t h a t  he 
w i l l  end up Getting no c r e d i t  f o r  a period of time when he t r a n s f e r s  h i s  
con t ro l  from the  i . t h  queue t o  the i ' . th  one. 
The algorithm f o r  f inding the  optimal schedule of tasks  no, t o  a c t  
upon is: 
Algorithm T-PATH 
*) 
Input (usage, T ~ ,  x i jk ,  T i i v S  B: 
The i n i u t  parameter 'usage' i nd ica t e s  whether an OTP or a CTP is 
des i red ,  and i f  it is a CTP, TR is used as t h e  required r e tu rn  time t o  
the  base node. 'I is the  transfer-delay time matrix between the queues 
of t asks  and B, and G are discount funct ions on fu tu re  returns and on 
t a sks  away from the  deadline-tasks with l a r g e r  slack-times -, respec t ive ly ,  
* 
Note t h a t  the system state tensor  Xijk s p e c i f i e s  t h e  var ious t a sk  
parameters for each given in s t an t  of time l ike :  
1) 
2) 
3) 
4) 
whether t he  tasr is ava i l ab le  (display) o r  not, L i j  ("1 or 0) 
the  r e tu rn  associated with t h e  t a sk  as a funct ion of time, 
the  processing/service time of  t h e  t a sk  t i j( t)  
the  'avai lable  time' of the  task,  t i j ( t )  
R i j  ( t )  
P 
A 
output  optimal schedule no,  and discounted present  value r(II") and 
completion time c(n") associated with i t ,  
Step-1 [ ~ n i t i a l i z o )  
f o r  i - 1 t o  I do 
f o r  j = 1 t o  J i d o  
while L id  1 1 do /* i s  the  task ava i l ab le  ? * /  
transform (i,j) t o  a and 
generate  the  t u p l e  (r(lb), c(a)) 
end 
end 
Note t h a t  R a ( t )  = 
Furtbsmore,  the tasks  cur ren t ly  ava i l ab le  are summed t o  give 
is a l s o  the  maximum number of tstages, M, the  optimal schedule 
OD 
R i d ( * ,  B(8, U ) * d t  *- t 
N, which 
can have , 
588 
Step-2 [Generate schedules tha t  are m s t ages  deep] ORIGWAL PAGE 1s 
OF POOR Qufilm 
for m = 2 t o  !1 do 
generate a l l  m-tnember-subsets = S 
and for each t a sk  Res 
generate the (r(n 9 c(n)) tuple(s)  
-where Jl 9 %$, i.e. schedule ll is schedule II' 
with task R a t  s t age  m. 
-for each fl' = ordet{S-R), i , e .  f o r  each n' 
-where t h e  '5' operator tests whether each member of one 
set is also contained i n  the  other. (Weinberg, 1971) 
[ S - a ) ,  
where A', is the last t ask  - task a t  s t age  (m-1) i n  schedule n'. 
Eliminate schedules acco rd ing  t o  the  rules: 
1) Eliminate the  t u p l e s  which are in feas ib l e ,  t h a t  is c r e d i t  
cannot be obtained Pram the last task i n  schedule Il 
before i t  reaches the deadline; or i f  usage is CTP, before 
(TI! - 7& where is the t ransfer  time between the 
queue of task R and the base node 0. 
2) Eliminate schedule Ji 1 2 if there i s  a scliedule Tl , such that: 
-Rs a r e  the  last tasks -at  s tage  m- in the  respect ive 
and r(Jll)c 3 r(f12) 
schedules- 
3)  Eliminate the schedules that are lass than (m-1) stages 
deep 
Step-3 [Return t o  t h e  base node i f  usage is CPP] 
i f  usage = Closed luly,a-Fath then 
for ala schedules Il do 
end 
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step-4 [~p t ima l ]  
The optimal schedule f"Lo is the  one with the  property: 
and i f  
r(JI") = r (n)  then c(JI") C c(n) 
Note that when t h e  rewards of nodes are delay-independent then t h i s  
algorithm reduces t o  the  dynamic programing formulation of t he  Traveling 
Salesperson:Problenr, (Held 6 Karp, 1962). On t h e  o ther  hand, when trans- 
f e r  delays between a l l  t a sks  are equal and when rewards of a l l  tasks  are 
Fined-Loss, i,a. constant up t o  a c e r t a i n  delay (time) and then zero, then 
t h e  so lu t ion  w i l l  reduce t o  Job-Shop Scheduling with Deadlines, 
1968 and Sahni, 1976) 
(Elmaghraby, 
Several  things should be c l a r i f i e d  a t  t h i s  point ,  F i r s t ,  if the model 
is permitted t o  get p a r t i a l  c r e d i t ,  as  i n  Figuxe-A4, then t h e  tasks  which 
w i l l  h i t  t he  deadline before they can be complted w i l l  a l s o  be included 
i n  the  optimization, although with t h e i r  r a tu rns  Hi (t) appropriately ad- 
j u s t ed  t o  r e f l e c t  t h e  gain tha t  can be obtained fro& them before they 
disappear,  
Another point  t h a t  should be emphasized i s  t h a t ,  s ince  a l l  the  dynam- 
ics  o f  the  tasks  are: known a-priori. by the algorithm (and also by t h e  human), 
t he re  is no need t o  repeat the  opt imizat ion unless  t he re  is a new t a sk  
a r r i v a l ;  when no new information is presented, the  optimal plan, i r e . ,  the 
cu r ren t ly  optimal schedule v i11  be fallowed i n  real time as t he  tasks i n  
t h i s  l inked list art! sompleted, 
(McNaughtsn, 1959) t h a t  there  I s  nothing to  be gained by s h i f t i n g  a t t e n t i o n  
ftam (int?. task t o  another and back again,  even bn the case of no time 
pena l t i e s  f o r  doing so. On the  o ther  hand, i f  a f t e r  a new t a sk  a r r i v a l  
t he  f i r s t  task i n  the new optimal. schedule i s  n o t  the  t ask  t h a t  ie curren t ly  
being attended, than the  model w i l l  pre-emptively leave the  cu r ren t  task ts 
serve  the  f i r s t  task in the new optimal schedule. 
poe-amtivsly abandonad might s t i l l  be i n  the  new schw!ule, and condi t ions 
permit t ing way eventually be ra-attended. 
It has also been proven theQreticakZy 
However, t he  task t ha t  was 
The affect sf C(y, ts) will be t o  e d j u r t  t he  r e tu rn  Ri (t) fo r  ac t ing  
on task (i,j)# by changing the efPactive veluc denei ty  sf t il Q t a sk  (i,j) 
as: 
where t8 i s  the slack-tima st t he  task, $.e,, ts - max.{O,~(x/;)-(d/p)$, 
w i th  x,i:d,p rapresenting the  current: posi t ion,  speed, current durrr*ioq 
and the product ivi ty  ~6SQCli~t f3d with the  peatierrlor task,  respect ively.  
590 
Note t h a t  t h e  i d e a  of weighing t a s k s  according to t h e i r  i n i t i a l  
p r i o r i t i e s  p l u s  incremental  p r i o r i t y  i n c r e a s e s  as they wait i n  a queue 
(Carbonell ,  1966 and Jackson, 1965), as shown in Figure-Ab, corresponds 
t o  t h e  G(y, tS) func t ion ,  where t h e  i n i t i a l  p r i o r i t y  is determined by the 
i n i t i a l  proximity of t h e  t a s k  t o  t h e  deadl ine,  and t h i s  p r i o r i t y  ln- 
creases as t h e  task approaches t h a  deadl ine.  
It is i n t e r e s t i n g  t o  n o t e  a l s o  t h a t ,  as t h e  speeds of tho taskr, 
approach zero,  i.e., t h e  d e a d l i n e s  are a t  i n f i n i t e  f u t u r e  time - and 
i f  t h e  t r a n s f e r  times between a l l  t h e  t a s k s  are equa l ,  t hen  t h e  DM Is 
modeled to choose t h e  new t a s k  to ac t  upon, according to:  
Th i s ,  of course is t h e  f a m i l i a r  r e s u l t  from t h e  Queueinlf Themy (Smith,  
1956) when we conslder t h e  p r o d u c t i v i t y  of 
rate psi and t h e  v a l u e  d e n s i t y  of the  task 
per  u n i t  time de lay  cij: 
e 
t 
'I 
r 
R 
n 
n 
'FR 
T 
Ji a 
t h e  DM, P 8s t h e  service 
( i , j )  Pjj i$s  t h e  nega t ive  c o s t  .. 
L i s t  of Symbols 
0silQk 
t &me 
transear time 
dummy time 
reward avrri lobta a t  a node (task) 
reward gained f o r  a given p lan  
e schsdule: 
t h a t  schedule  which i s  o p t h a l  
dead l ine  time for r e t u r n  t o  base nods 
p tanning har i zon 
d i scoun t  function on f u t u r e  r e t u r n s  
discount  parameter (rete i n  this case) on iutura returiia 
urgency d i scoun t  func t ion  
urgency d i scoun t  parameter (rate i n  t h i s  case) 
t ~ t n l  numbc P or qiwias 
total .  number o €  teskr i n  qtrsua L. 
combinet1~n e€ i & 3 for any t a s k  
mxlmum number of stage8 t h a t  optimal schedule  can have 
stage index 
r(R) total discounted r e t u r n  of a schedule  
e(n) completion time of a schedule 
d u r a t i o n  
Speed 
value d e n s i t y  
paadue t ivPty 
psi t i e n  
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t P  processing time 
tR ready t i m e  
~ tD deadl ine  time 
tA a v a i l a b l e  time 
tS s l a c k  time 
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PERCEPTUAL FACTORS INVOLVED I N  PERFORMANCE OF A I R  TRAFFIC 
CONTROLLERS USING A MICROWAVE LANDING SYSTEM 
Gary Gershzohn* 
San Jose State Un ivers i ty  Foundation 
San Jose, C a l i f .  
SUMMARY 
This study invest igated performance o f  a i r  t r a f f i c  con t ro l l e rs  using a 
Microwave Landing System (MLS). 
con t ro l le rs  acted as subjects and performed t h e i r  normal dut ies w i t h i n  the 
constraints o f  the experimental design and simulat ion.  
the contro l  o f  two simulated a i r c r a f t  ta rge ts  per t r i a l ,  i n  a 37.d-km (20- 
n. m i . )  radius terminal area, by means o f  conventional radar vector ing and/ 
o r  speed contro l .  The goal was t o  insure t h a t  the two targets  crossed the 
Missed Approach Point  (MAP) a t  the runway threshold exac t ly  60 sec apart. 
The ef fects  on con t ro l l e r  performance o f  the MLS conf igurat ion under wind 
and no-wind condi t ions were examined. 
The data f o r  mean separation time between targets  a t  the MAP and the 
range about tha t  mean were analyzed by appropriate analyses o f  variance. 
S ign i f i can t  e f fec ts  were found f o r  mean separation times as a r e s u l t  o f  the 
conf igurat ion o f  the MLS and f o r  i n te rac t i on  between the conf igurat ion and 
wind conditions. The analysis o f  variance f o r  range ind ica ted  s i g n i f i c a n t l y  
poorer performance under the wind condi t ion.  These f ind ings  are bel ieved t o  
be a r e s u l t  o f  cer ta in  perceptual factors  involved i n  radar a i r  t r a f f i c  
cont ro l  (ATC) using the MLS w i t h  separation o f  ta rge ts  i n  time. 
E ight  professional  radar  a i r  t r a f f i c  
The task involved 
INTRODUCTION 
This study was designed t o  inves t iga te  some o f  the perceptual fac to rs  
which a f f e c t  performance o f  a i r  t r a f f i c  con t ro l l e rs  using an MLS t o  contro l  
the landing o f  a i r c r a f t .  The MLS i s  a new type o f  landing guidance a i d  and 
i s  s t i l l  i n  an experimcwtal phase, When f u l l y  operat ional  i t s  primary 
purpose w i l l  be t o  f a c i l i t a t e  the safe an expeditious flow o f  a new genera- 
t i o n  o f  a i r c r a f t  i n t o  a i rpo r t s  w i t h  an e f f i c i ency  t h a t  cannot be dupl icated 
today. The implementation o f  the MLS w i l l  requ i re  an a l t e r a t i o n  o f  the 
physical s t ruc tu re  o f  airways and the ATC system. 
A radar scope was simulated on a cathode-ray tube (CRT) and displayed 
*This author 's research was supported by NASA Grants NGL 05-046-002 
and NSG-2269 t o  San Jose State Universi ty.  
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a terminal area w i t h  the MLS. The controllers were presented w i t h  several 
air traffic situations and were required t o  separate targets. The experi- 
mental goal was t o  identify some of the perceptual factors involved i n  and 
the performance of controllers using the MLS. 
Although the MLS is one of the most recent developments i n  ATC, and as 
such has not been the subject of lengthy investigation, research i n  aeronau- 
tics has placed considerable emphasis on developments in human factors 
aspects of ATC. The literature contains numerous reports on topics such as 
mental processes of controllers ( l ) ,  workload ( l l ) ,  and the role of automa- 
t ion  (10). The general picture o f  the evolution of ATC responsibilities and 
required performance has also been outlined (8, 9) .  By and large, data  on 
basic human perceptual processes speci fical ly  involved i n  ATC has received 
only scant attention. Therefore, this study, i n  part, examined pertinent 
psychological literature on visual motion perception i n  order to analyze 
performance of controllers using the MLS. 
METHOD 
The geometric arrangment o f  the MLS 3s viewed on the radar scope i s  
significantly different from conventional Instrument Landing Systems, Where- 
as current Instrument Landing Systems employ a single, s t ra ight  course t o  the 
runway, the complex MLS i n  this experiment was coinposed of five courses, bo th  
ctraight and curved. 
configuration on controller perception and performance, a specific task was 
developed. 
In order t o  evaluate the effects of this particular 
Subjects 
Eight  professional air traffic controllers served as pa id  participants. 
All had extensive experience i n  radar ATC either w i t h  the military or FAA a t  
h igh  traffic density locations. 
. Apparatus 
A 25,4- by 25.4-cm (10- by lO- ln , )  CRT display was generated by an 
Evans & Sutherland Line Drawing System interfaced w i t h  a Digital Equipment 
Corporation PDP 11/40 computer, Figure 1 illustrates the simulation tha t  
represented the ATC scope w i t h  the MLS. The scale of 2.9 km/cm (4  n. mi./in.) 
was close t o  standard usage. 
Aircraft targets were represented by triangles measuring .45 cm (.18 
i n . )  on each side. Each symbol was labeled by a single alphanumeric t a g  for 
use by the controller i n  identifying and tracking targets. The targets 
appeared t o  move i n  a manner not  unlike those on conventional radar ATC 
scopes, Simulated aircraft  had several basic movement capabilities: ( a )  
entry along an MLS route a t  the periphery and complete trackin to the MAP, 
( b )  automatic landing and exit from the display a t  the MAP, (c  1 heading 
change a t  a rate of 3o/sec, and (d)  acceleration a t  a rate o f  3.7 km/hr 
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(2 knots)/sec (equivalent t o  ,0003 cm/secZ on the CRT). A l t i t u d e  in format ion 
was no t  requi red f o r  t h i s  experiment. 
j ec t ,  His verbal cornmands were t ransmi t ted by a standard microphone. Receiv- 
i n g  and acknowledging these ATC ins t ruc t i ons  was the  experimenter i n  the r o l e  
o f  p i l o t  o f  the simulated a i r c r a f t .  Communication between the c o n t r o l l e r  and 
experimenter re f l ec ted  standard ATC operations and phraseology. Upon 
rece ip t  o f  the con t ro l l e r ' s  commands, the experimenter i npu t  the  in format ion 
t o  the PDP 11/40 computer v i a  a h igh  speed in te r face  device which then 
a1 tered the f l i g h t  dynamics o f  the simulated a i r c r a f t  accordingly. 
The computer generated movement o f  targets  was con t ro l l ed  by t h e  sub- 
Procedure 
The task required tha t  the c o n t r o l l e r  cont ro l  two targets  per t r i a l  i n  
order t o  achieve the  desired goal o f  60-sec separation between "targets a t  the  
MAP. A t  the beginning o f  each t r i a l  one ta rge t  appeared a t  the  s t a r t  o f  the  
V IK ING route a t  the 37.0-km (20-n. m i . )  hash mark a t  an airspeed o f  464 km/hr 
(250 knots). It war fo l lowed approximately 60 sec l a t e r  by *a second ta rge t  
a t  the same airspeed which entered e i t h e r  along the V I K I N G  route o r  one o f  
the other fou r  MLS routes, Since the second ta rge t  t raversed one o f  the f i v e  
routes i n  fo l low ing  the f i r s t  target,  there were f i v e  d i f f e r e n t  perceptual 
re1 ationships between the two targets ,  These w i  11 be ca l l ed  path combinations 
o f  t a rge t  movement. For example, a ta rge t  enter ing on the  V IK ING rou te  
followed by a ta rge t  on the GEMINI rou te  would be c a l l e d  the VIKING-GEMINI 
(V-G) path combination. 
targets  by use o f  speed and/or d i rec t i ona l  cont ro l  i n  order t o  insure t h a t  
the two targets  crossed the MAP exact ly  60 sec apart. Each ta rge t  automati- 
c a l l y  reduced i t s  airspeed t o  167 km/hr (90 knots) by the t ime i t  reached the 
9.3-km (5-n, mi,) f i x ;  t h i s  was i n  keeping with normal a i r c r a f t  operat ing 
l im i ta t i ons .  The airspeed o f  167 km/hr (90 knots) was then maintained t o  the 
MAP. As the c o n t r o l l e r  perceived the  cont inuing re la t i onsh ip  between the  
targets,  he had t o  make a decis ion t o  issue o r  no t  t o  issue ATC ins t ruc t i ons  
t o  change the r e l a t i v e  movement o r  pos i t i on  o f  one or both i n  order t o  reach 
the goal o f  60-sec separation, The airspeed and heading o f  e i t h e r  ta rge t  
could be changed only during the time tha t  t a rge t  was between the 37.0-km 
(2041. m i . )  f i x  and 9.3-km (5-n. m i . )  f i x ;  the c o n t r o l l e r  had received 
ins t ruc t ions  t h a t  no contro l  was t o  be appl ied t o  a ta rge t  a f t e r  i t  had passed 
the 9.3-km (5-n, mi,) f i x .  When the second ta rge t  reached the MAP the t r i a l  
was a t  an end, The dctual separation i n  seconds was recorded by the computer 
and used as the raw data f o r  t ha t  t r i a l .  I n  order t o  measure performance i n  
several s i tua t ions ,  t r i a l s  were conducted under wind (3600 a t  46 km/hr (25 
knots))  and no-wind conditions. 
An in t roduc tory  session fami l ia r i zed  the  c o n t r o l l e r  w i t h  the  general 
nature of the experimental purposes and MLS, Wr i t ten  i ns t ruc t i ons  were 
supplied. Three p rac t i ce  t r - i a l s  w i t h  no-wind and three w i t h  wind before the 
respect ive experimental t r i a l s  were used f o r  the purpose o f  acquainting the 
con t ro l l e r  w i t h  the appearance o f  the MLS and movement dynamScs o f  targets.  
A t  the conclusion of each prac t ice  t r i a l ,  the c o n t r o l l e r  was t o l d  exac t ly  how 
much separation i n  time ex is ted  between the  two ta rge ts  as they successively 
The c o n t r o l l e r  was ins t ruc ted  t o  ad just  the movement of one o r  both 
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crossed the MAP. This gave the contro l ler  an indicat ion o f  the spat ia l  and 
temporal relat ionships between targets under, his control.  This feedback, 
however, was not given during experimental t r i a l s .  
Experimental Design 
Two dependent variables were studied: (a) the mean separation time 
between targets a t  the MAP, and (b) the average range about tha t  mean. 
A 5 X 2 X 2 f ac to r i a l  design f o r  repeated measures was used t o  analyze the 
data. The f i v e  path combinations served as f i v e  levels o f  one independent 
variable. Two wind conditions consti tuted conditions o f  a second independent 
variable and the order o f  presentation o f  wind conditions was the t h i r d  
independent variable. The wind treatment condition was presented f i r s t  t o  
one h a l f  o f  the control lers and the reverse order was administered t o  the 
other half .  There were 15 experimental t r i a l s  under the no-wind condit ion 
and another 15 under wind. The same path combination was administered t o  
each contro l ler  three times. 
RESULTS AND DISCUSS ION 
The mean o f  the three separation times f o r  each contro l ler  was calcu- 
lated and consti tuted the data on which the analysis o f  variance was per: 
formed. For the purposo o f  noting the v a r i a b i l i t y  o f  cont ro l ler  performance, 
a second analysis o f  variance was performed on the range o f  the separation 
times per subject. Results o f  the analysis o f  variance f o r  means are shown 
i n  Table 1 and f o r  range i n  Table 2, A summary o f  the means and average 
ranges f o r  each condition i s  presented i n  Table 3 and Table 4, respectively. 
The ef fect  o f  the order o f  presentation of wind conditions was not 
s t a t i s t i c a l l y  s igni f icant.  Therefore, f o r  the purpose o f  analysis o f  other 
resul ts  these data were combined. 
The analysis o f  variance f o r  means showed a s ign i f i can t  dif ference 
between path combinations (F = 3.84; df =1, 10; p< .05). This indicated that  
cont ro l ler  performance i n  at ta in ing 60-sec separation between targets was 
affected by the d i f ferent  path combinations. The analysis o f  variance f o r  
range d id  not indicate any s ign i f i can t  e f fects  (F = .98; d f  = 4, 24; p) ,05) 
due t o  d i f f e r e n t  path combinations ( f i g ,  2). 
The mean separation times between targets under the no-wind condttion 
(60.6 sec) and under the wind condit ion (57.0 sec) were close t o  the 60-sec 
target value, yet the magnitude o f  the average range o f  times about these 
means was qui te  large ( f i g .  2 and 3 ) .  Under the no-wind condition, the 
average range was 19.6 sec, and under wind, 43.2 sec. The analysis o f  var i -  
ance f o r  range showed a s t a t i s t i c a l l y  s ign i f icant  dif ference i n  contro l ler  
performance as a function o f  wind condition (F = 12.42; d f  = 1, 6; pC.05). 
The analysis o f  variance f o r  means revealed no s ign i f i can t  resul ts  (F = ,485 
d f  = 1, 6; p>.O5)b While the overal l  mean separation time between targets 
under the no-wind and wind condition were not s ign i f i can t l y  d i f ferent ,  the 
average ranges about these means were, Both the nowwind and wind mean times 
indicated a high degree o f  accuracy on the average i n  at ta in ing the 60-sec 
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ta rge t  value. But the  19.6 and 43.2 sec ranges showed the accuracy r e f l e c t e d  
i n  the mean times t o  be a r e s u l t  o f  the high separation times between ta rge ts  
cancel l ing ou t  the low separation times, especia l ly  under the wind condi t ion.  
These resu l t s  w i l l  be discussed from three po in ts  o f  view: (a) the  
percebtual fac to rs  involved i n  performance o f  con t ro l l e rs  using the MLS, (b) 
c o n t r o l l e r  performance using tTme as a re levant  separation c r i t e r i o n  ra the r  
than distance, and (c )  t he  impl icat ions o f  the f ind ings  f o r  f u tu re  development 
o f  the ATC system with the MLS. 
t a n t  f a c t o r  i n  understanding the resu l ts .  Three primary perceptual, fac to rs  
are considered t o  be o f  importance i n  the c o n t r o l l e r ' s  task i n  t h i s  exper i -  
ment: (a) spa t ia l  separation o f  targets,  (b)  figure-ground (map overlay) 
e f fects ,  and (c )  the perception o f  wind-generated accelerated motion. The 
l a t t e r  p o i n t  appeared t o  be most s i g n i f i c a n t  i n  evaluat ing the data and 
requires speci a1 consideration. 
60-sec ta rge t  value than under the wind condi t ion.  This was due p r i m a r i l y  t o  
the c o n t r o l l e r ' s  d i f f i c u l t y  i n  tak ing  i n t o  account the d i f f e r e n t i a l  e f fec ts  
o f  wind on ground speed as the ta rge t  changed heading. The d i f f i c u l t y  i n  
perceiv ing the onset o f  of accelerated motion had several consequences f o r  
c o n t r o l l e r  performance. 
e i t h e r  i n  the  automatic speed reduct ion phase o f  the approach o r  as a r e s u l t  
o f  the wind, a l te red  the separation between i t  and the other  target ,  Should 
the ve loc i t y  change have gone undetected, the r e s u l t  would have been a new 
amount o f  separation between targets  of which the c o n t r o l l e r  was completely 
unaware, Obviously, a continuous ser ies o f  such changes by one o r  both 
targets would lead t o  inaccurate and e r r a t i c  performance such as was evident 
under the wind condi t ion.  Second, the perception o f  accelerat ion o f  one o r  
both targets required an evaluat ion by the c o n t r o l l e r  o f  the act ions neces- 
sary t o  maintain o r  change the re la t ionsh ip  between the targets.  
necessitated the a b i l i t y  t o  make an accurate p red ic t ion  o f  the fu tu re  
progress o f  the ta rge t  undergoing acceleration. It has been shown by 
Gottsdanker (4-6) and Gibson (3) t ha t  f u tu re  ta rge t  pos i t i on  dur ing constant 
ve loc i t y  motion can be predicted w i t h  considerable accuracy. However, 
p red ic t ing  ta rge t  pos i t i on  dur ing accelerated motion was found t o  be general- 
l y  inaccurate and appeared t a  be based on the l a s t  perceived v e l o c i t y  ra ther  
than on accelerat ion (2, 7) .  The apparent i n a b i l i t y  o f  the c o n t r o l l e r  t o  
successful ly p red ic t  the accelerated motion o f  targets , and hence fu tu re  
pos i t ions i n  time, was associated w i t h  h igh v a r i a b i l i t y  i n  performance. 
Third, the changes i n  ground speed o f  a ta rge t  t ravers ing t h a t  p a r t  o f  the 
MLS course t h a t  curved toward the  a i r p o r t  were d i f f i c u l t  t o  assess, The 
cont ro l le rs  reported t h a t  the po in t  i n  t ime when the ground speed began. t o  
slow was no t  immediately apparent nor was i t  possible t o  accurately p red ic t  
the fu tu re  motion o f  targets: The la rge  magnitude o f  the change i n  ground 
speed i n  those MLS courses w i t h  long curved segments made accurate perceptions 
d i f f i c u l t  and inaccurate performance most evident i n  the resu l ts .  The accel- 
erat ions t h a t  occurred w i th in  the curving courses were most s i g n i f i c a n t  under 
the wind condi t ion and posed a s i t u a t i o n  which the ,cont ro l le rs  were unable t o  
gauge precisely.  
On the basis of discussions w i t h  the cont ro l le rs  a f t e r  the experiment, 
It would appear tha t  the con t ro l l e rs '  attempt t o  separate the two targets  by 
i 
The c o n t r o l l e r ' s  perception o f  the  ATC s i t u a t i o n  const i tu tes an impor- 
' -  
The mean separation time under the no-wind cond i t ion  was c loser  t o  the  
F i r s t ,  the reduct ion o f  the ground speed o f  a target ,  
This 
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60 sec a t  the MAP was not accomplished merely by estimating time. Rather, 
they used a-time-distahce conversjon (distance = airspeed x t ime) .  This was 
not surpr is ing since control lers perform t h e i r  normal ATC duties using m i l e -  
age not time as the separation cr i ter ion,  and consequently they were faced 
wi th  a novel and d i f f i c u l t  task. 
Two factors involving time and distance conversions were involved. The 
f i r s t  concerned a p r inc ip le  that  speci f ic  separation i n  time between two 
targets w i l l  remain constant i f  the ground speeds o f  the two targets remain 
unchanged. Secondly, separation i n  time w i  11 remain constant when ground 
speeds change if, and only if, the place and rate o f  change of ground speed 
o f  one target i s  ident ica l  t o  tha t  o f  the other. The rea l i za t i on  o f  these 
phenomena led t o  another point. Since time separation was held constant 
between the targets during the automa:ic speed reduction (under conditions 
heretofore described) , the establ ishmant o f  60-sec separation between targets 
p r i o r  t o  the comnencement of the speed reduction (which entai led accelerated 
motion) was seen as desirable. Once the automatic speed reduction began, the 
contro l ler  had no means o f  adjusting the airspeed o f  a target. This required 
action t o  be taken e a r l i e r  i n  order t o  have control capabi l i ty  o f  a useful 
and r e a l i s t i c  magnitude and t o  set  up a relat ionship between the two targets 
when they proceeded a t  a constant velocity. Since the judgment o f  constant 
veloci t ies i s  more accurate than accelerated veloci t ies,  the contro l ler  was 
able t o  judge the separation i n  time more precisely when targets moved a t  
constant rates. 
The resul ts o f  the present experiment indicate tha t  the control o f  
a i r c r a f r  using an MLS with curved courses and temporal separation may be 
subject t o  a number o f  l i m i t i n g  factors. The d i f f e ren t  path combinations had 
an e f fec t  on both the mean separation between targets and the v a r i a b i l i t y  o f  
the contro l ler 's  performance under the wind condition, Under the no-wind 
condition, there was l i t t l e  dif ference i n  performance by path combination. 
The control lers '  comments indicated tha t  they at t r ibuted t h i s  t o  t h e i r  care- 
f u l  and precise at tent ion t o  the posit ion o f  the targets w i t h  reference t o  
hash marks and the calculat ion o f  time-distance equations. The wind condit ion 
posed more serious d i f f i c u l t y  since the use o f  hash marks and the time- 
distance equation d id  not  provide information which could be used t o  compen- 
sate f o r  the perceptual factors associated with the wind, 
performance, i t  seems unl ike ly  tha t  the addit ion o f  any appreciable workload 
( i n  the form o f  more targets) would permit pos i t i ve  and accurate control. One 
o f  the most important influences on performance i s  workload. It may be 
measured by the number of targets a contro l ler  has t o  deal w i th  a t  one time, 
By current standards i n  the current ATC system, w i th  complicating intersect ing 
and converging routes, a l i g h t  workload might be f i v e  targets; a heavy work- 
load might reach as high as 15 targets, I n  t h i s  experiment, which employed 
cnly two targets a t  one time, the workload was minimal y e t  the v a r i a b i l i t y  
i n  performance with wind was high. This was true i n  sp i te  o f  the fac t  that  
the contro l ler  had enough t i m e  t o  calculate time-distance relat ionships f o r  
the two targets, With more than two targets, i t  i s  not l i k e l y  tha t  the con- 
t r o l l e r  would be able t o  maintain the mental strategies o f  control found i n  
t h i s  experiment. Furthermore, an increase i n  workload t h a t  would r e f l e c t  a 
busy terminal area would make accurate and successful separation between 
a i r c ra f t ,  wi th time as the separation cr i ter ion,  a most un l i ke l y  occurrence, 
I n  consideration of the perceptual factors involved i n  contro l ler  
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Yet, innovations i n  ATC systems, cockpit displays, and possible a1 terat ions 
o f  the MLS conf igurat ion may a l l e v i a t e  some o f  the problems that faced 
cont ro l le rs  i n  t h i s  simulation. Such improvements may a l low conventional 
radar ATC using the MLS w i th  a rea l  world workload. 
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TABLE 1 
t 
Order o f  presentation 
o f  wind condition ( A )  
Path Combination (6) 
l i n d  condition (C) 
Subjects (D) 
1 x 0  
A X C  
# X C  
Analysis of Variance for  Mean Separation 
Time Between Aircraf t  Targets a t  the 
MAP 
X D  
X D  
X B X C  
IXCXD 
d f  
1 
4 
1 
6 
4 
1 
4 
24 
6 
4 
24 
MS 
18.15 
589 . 68 
258.13 
655.18 
46.23 
200.66 
532 . 82 
163 . 66 
542.16 
63.02 
82.19 
Error Term 
D 
B X D  
C X D  
B X D  
C X D  
B X C X D  
B X C X D  
F 
03 
3,83a 
.48 
. 31 
.37 
6.48b 
.77 
- 
a pC.05 
p C O 1  
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TABLE 2 
+ Analysis o f  Variance o f  Range About 
Mean Separation Times between Aircraft  
Targets a t  the MAP 
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TABLE 3 
Summary of Mean Separation Times ( in  seconds) 
between Aircraf t  Targets a t  the  MAP by 
Path Combination and Wind Condition 
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ORIGINAL PAGE Is 
v-v 
V-G 
V- A 
v-P 
V IM 
OF POOR QU- TABLE 4 
42,9 
Summary o f  Average Ranges ( i n  seconds) about Mean 
Separation Times between Aircraft  Targets a t  
Condi t 1 on 
the MAP by Path Combination and Wind 
3lW5 
f I r -I 
45.1 
48.8 
43.2 
I IPath combination 
34.6 
31.4 
31.4 
I 
no-wi nd 
19.1 
20.9 
20.1 
24.0 
14.1 
19.6 
W 1 nd condi ti an 
no-wi nd/wi nd 
693 
Figure 1.- MLS route configuration as seen on cant ro l le r 's  display. 
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V-V V-G 
ORIGINAL PAGE Is 
OF POOR QUALIW 
MEAN SEPARATION TIME 
RANGE ABOUT MEAN 
SEPARATION TIME 
%A v-P V-M 
PATH COMBINATION OF AIRCRAFT TARGET MOVEMENT 
Figure 2.- Mean separat ion t ime and range about mean separat ion t ime between 
a i r c r a f t  targets  a t  the MAP by path combination, 
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By R . Wade Allen, Stephen H. Schwartz, 
Anthony C. Stein and Jeffrey R. Hogge 
Systems Technology, Inc . 
Hawthorne, California 
This paper reviews the  resu l t s  of driving simulator and in-vehicle f i e l d  
t e s t  experiments of alcohol effects  on driver r i s k  taking. The objective was 
t o  investigate changes i n  r i s k  taking under alcoholic intoxication and r e l a t e  
these changes t o  effects  on traffic safety.  
The experiments involved complex 15 minute driving scenarios requiring 
decision making and s t e e r i q  and speed control throughout a ser ies  of typical  
driving situations.  Monetar;. rewards and penalties were employed t o  simulate 
the real-world motivations inherent i n  driving. A fu l l  placebo experimental 
design was employed, and measures related t o  t r a f f i c  safety, driver/vehicle 
performance and driver behavior were obtained. 
Alcohol impairment was found t o  increase the rate of accidents and speed- 
ing t i c k e t s ,  
due t o  impaired psychomotor performance and perceptual dis tor t ions.  Sub jec- 
t i v e  estimates of r i s k  failed t o  show any change i n  the drivers '  willingness 
t o  take risks when intoxicated. 
Behavioral measures showed these t r a f f i c  safety effects  t o  be 
INPRODUCPION 
Alcohol has been shown t o  be overrepresented i n  accident s t a t i s t i c s  
(Refs. 1 and 2 ) .  
variety of factors including vehicle, environmental and d r ive r  factors 
(Ref 3 ) .  
tion, psychomotor s k i l l  and higher cognitive factors including decision 
making. Alcohol effects  on driver psychomotor s k i l l  i n  steering control 
have been previously studied i n  some d e t a i l  (Ref. k ) ,  and the objective of 
the work reported here was t o  investigate the alcohol impairment i n  driver 
deci s ion-making situations . 
Recent surveys have subdivided accident causation into a 
Driver behwior can be further subdivided roughly in to  percep- 
Jc 
This work was supported by the Office o f  Driving and Pedestrian Research, 
National Highway Traff ic  Safety Administration, Department of Transportation, 
The views expressed i n  t h i s  paper a re  those of the authors and do not neces- 
s a r i l y  represent those of t h e  National Highway Traff ic  Safety Administration. 
609 
An important aspect of this research was to determine whether driver risk 
taking changes with Blood Alcohol Concentration (BAC) and, further, to parti- 
tion the changes in risk taking into changes in driver perception, psycho- 
motor factors and the acceptance of risk. These three factors combine to 
determine performance in a decision-making task and, singly or in combination, 
give rise to performance that we objectively observe as risk taking. Take, 
for example, the situation where a driver has run a red light. This could be 
due to the driver's having misperceived his speed or the the interval of the 
amber light; it could also be due to the fact that he took too long in making 
a decision and thus his reaction time for accelerating or braking to a safe 
stop was delayed; or the driver may merely have elected to accept the risk of 
running a red light because he was motivated to minimize the delays caused by 
stopping. 
In previous research on driver risk taking, no consistent approach has 
been used to differentiate between the various factors contributing to deci- 
sion task performance. Several studies have measured driver risk taki , 
which has been found to increase with BAC (blood alcohol concentration --? 
(Refs, 5-7). More recently, however, it was found in a gap acceptance task 
using significant rewards and penalties that intoxicated subjects did not 
consciously accept greater risks (Ref. 8). Impaired psychomotor skill did 
result in degraded perqormance, however. 
The inconsistency in past research has been iu the definition and simula- 
tion of driver risk taking, the analysis of all behavior components in risk 
taking, and the use of tangible risks, Based on a review of the literature, 
the following elements were felt to be essential to adequately determine the 
effects of alcohol on driver decision making: 1 )  division of driver behavior 
into perceptual, psychomotor and cognitive components; 2) use of rewards and 
penalties to simulate real-world risks (e .e, ., accidents, tickets, lost time); 
3)  use of tasks which simulate the temporal pressure of normal driving. The 
experimental methods for accomplishing these goals are discussed below. 
Approach 
This research was accomplished in two separate experiments, the first a 
simulator study and the second involving field validation trials. The two 
experiments were designed to be as similar as possible in order to allow 
direct comparison of results. The specific setup for each was as follows. 
Simulation. The simulation was configured to present a plausible driving 
scenario, requiring both steering and speed control in driving decision- 
making situations. The functional details of the simulation have been des- 
cribed previously (Ref. 9 ) .  Basically, the siniulator consisted of an actual 
car' cab and controls with a two lane roadway drawn on a 0.25 x 0.32 m 
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(10" x 12")" C€U! mounted on the cab cowl 0.76 m (30 in.) f n  front of the 
driver as i l lus t ra ted  i n  Fig. 1 .  Equations of motion fo r  the car steering 
and speed control were solved on an analog computer, which generated car 
heading angle, lateral position, and forward speed i n  response t o  steering 
wheel, accelerator and brake commands. The car motion variables drove 
special  purpose electronic c i rcu i t s  which generated a dashed l i n e  two lane 
roadway c3.65 m (12 f t )  lane width] with 0.76 m (2.5 ft) shoulders. The 
roadway was presented i n  correct perspective, but reduced scale (roughly 
two-thirds) i n  order t o  f i t  on the  CRT and yet subtend a 22 degree percep- 
t u a l  field of view. 
Driving events were controlled by a paper tape programmer at  a rate pro- 
portional t o  forward speed. From a cross section of the many typical  driving 
decision-making situations three events were selected that could be easi ly  
implemented i n  a laboratory simulation. The functional details of each event 
and related measurements are described f'urther on. 
Field Validation. This study was conducted i n  an instrumented vehicle 
described elsewhere (Ref. 10). Special equipment was added t o  allow the car 
t o  interact  with the test course. A photo detector mounted on the vehicle 
sensed ref lect ive strips on the test course snd triggered a programmer which 
controlled event sequences i n  the f ie ld  course driving scenario. Instrumen- 
ta t ion  was also added t o  allow experimenter feedback i n  scenario conditions 
and subject progress. Details of the f ie ld  setup are i l lus t ra ted  i n  Fig. 2. 
Driving T u b  and Measurements 
The driving scenario was designed t o  allow implementation both in  the 
simulator and on the f i e l d  course. 
events t h a t  could be conveniently mechanized were selected f o r  each experi- 
ment as indicated in  Table 1 (Ref. 11 ) . A signal  l ight  s i tuat ion was  selected 
as a classical single stage decision event. Vehicle control i n  a curve was 
selected t o  investigate the large cumber of single vehicle loss of control 
accidents t h a t  occur with alcohol involvement ( R e f .  12). 
situations selected from Table 1 involve divided attention, a driver behav- 
io r  factor which has been shown t o  be sensit ive t o  alcohol impairment (Ref. 
13) .  
Signal Light. A model signal l i gh t  was mounted direct ly  above the hori- 
zon of the roadway display i n  the simulator (Fig. l a ) ,  and an actual  signs1 
l igh t  was s e t  up on the t e s t  course i n  the  f ie ld  validation study (Fig. 2a). 
Signal timing was controlled as a function of car speed and distance from the 
intersection i n  order t o  control the time-to-go t o  the intersection. Several 
timing conditions were used ranging from a sure stop t o  a sure go. Details 
of the  signal timing and t a s k  kinematics have been presented elsewhere (Ref. 
A variety of events were considered, and 
The remaining 
Details of the driving tasks and overall  scenario were as follows. 
11)  . 
*Customary units were used fo r  the measurements and calculations of t h i s  
study . 
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Figure 1 ,  Simulation Setup 
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TABLE 1 .  DRIVING DECISION-MhKING SI!NA!PIONs 
e 
DECISION 
cuss 
I 
Single 
Stage 
--- 
Sequential 
BASIC TYPE 
Traffic 
Control 
Unexpected 
Threats 
- - -  
Maneuvers 
SPECIF'IC SITUAIIONS 
_ _  ~ 
Signal l i gh t  
0 Course navigation 
0 Car, pedestrian, object 
unexpectedly enters 
roadway 
Object in/on roadway 
0 Speed and steering 
control i n  a curve 
0 Lane changing arid 
merging 
e Road entry and merging 
e Over+. ag and passing 
------ 
X 
X 
-7 
X 
The perceptual requirements of this task were t o  estimate car speed and 
distance t o  the intersection which the driver then uses t o  determine the 
probability of aaking tho  Ugh*. Driver perception is based on motion of 
the  dashed lines and tne intersection, auditory feedback of car  speed, and 
position o f  t h e  intereection w5en the l igh t  changes from green t o  amber. 
The driver does not separately askhatit sgeed and distance, but makes a 
"Ge8tal.i;" estimate of the chance of entering the intersection before the  
l i g h t  turns red. The amber light interval was held constant a t  3 seconds 
which is typical  of urban signal timing, 
Driver signal timing perception was measured by having the subjects 
verbally report their chance of ;Failiq t o  make a given signal si tust ion 
immediately aner passing throwh the intersection, Failure was defined 
entering the  intersection after the light had turned red. This amounts t o  
measwement of a subjective probability i n  decision theory context, and care 
was taken t o  insure that these estimates were unbiased by task performance 
(Ref. 11 ) . Psychomotor performance was measured i n  terms of brake reaction 
times i n  the situations where the driver stopped. 
- Curve. The curved portion of the simulation and f ie ld  test driving. 
scenarios (Figs, I C  and 2a, respectively) required specific steering and 
speed control i n  order t o  avoid loss o f  control. Tire forces were limited 
i n  the simula$or equations o f  motion such that  peak curvatures could not 
be negotiated a t  speeds greater then about 47 km/h (28 mph) although the 
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scenario l e g a l  speed l i m i t  was set at  72 km/h (45 mph). Also 40 km/h (24 mph) 
speed advisory signs were displayed t o  the sirmilator drivers i n  advance of 
the curves. 
In  the  f i e l d  t e s t  a special c i rcu i t  was s e t  t o  act ivate  an alarm at  
greater than 0.5 g lateral acceleration i n  order t o  simulate a 106s of 
control accident. The car was capable of 0.7-0.8 g turns but actual  loss 
of control had t o  be avoided f o r  safety reasons, 
limit was 40 km/h (25 mph) and the curve radii were such as t o  require 
significantly lower speeds i n  order t o  avoid exceeding the imposed g limit. 
The f i e l d  course speed 
The c r i t i c a l  perceptual task i n  the curve si tuat ion was speed judgment. 
Speed was represented by visual f i e l d  motion and auditory feedback, as i n  
the  signal event, plus quantitative readout on the speedometer, Use of  the  
speedometer i s  more appropriate here than f o r  the s i g n a l  event because of 
t he  quantitative nature of the curve l i m i t  speed and a lower time pressure 
on perception and psychomotor action. Perception i n  t h i s  task was again 
measured by driver-reported subjective probability of c r a s h i q  which was 
sol ic i ted direct ly  a f t e r  curve ex i t .  Speed at peak curvature was abtained 
as an objective measure of r i s k ,  i .e.,  the  higher the speed, the greater 
t h e  r i s k .  Comparison of subjective r i s k  estimates with speed then gives a 
measure of driver r i s k  perception i n  the curve s i tuat ion.  
Divided Attention. la %he simulator the divided at tent ion s i tuat ion 
involved obstacle avoidance. This task consisted o f  a circular  object at  
t b n  r ight  aide of the displayed roadway which sametimes remained stationary 
at the side of the road or, more frequently, moved l a t e r a l l y  i n t o  t h e  sub- 
j e c t ' s  ( r ight)  lane (Fig. lb) ,  requiring either stopping o r  steering avoid- 
ance. The subject also had t o  contend with adjacent cars i n  the  left lane 
which were simulated by projected sl ide viewed i n  the side view mlrror 
(Ref. 9) Changing lanes i n  the presence of an adjacent car l e d  t o  a crash 
as s W a t e d  by a buzzer and display j i t t e r .  Crashes also resulted fron 
s t r iking the obstacle ~r running off the  road shoulder. 
The obstacle avoidance task was a conflict  s i tuat ion.  Tho subject was 
encouraged by a time reward t o  continue g o i q  if possible, but was p6nali.zed 
for crashing as described f'urther on. This task primarily provided a measure 
of t h e  driver's visual monitoring and steering control. Comments were sol ic-  
ited from subjects on monitoring behavior in the event of an adjacent crash. 
Mechanization af the obstacle avoidance task was deemed too difficult 
f o r  the  field study so a simple, route guidance task wa8 aubstitutad. A dash- 
board mounted indicator was used t o  direct  $he subject e i ther  let%, r ight  or  
straight after he had gaseed the  sig;nel l i g h t  intersection, The course lay- 
out and t imirq ware such t h a t  the route decision was made under a reasonable 
amount o f  time grbssw6. 
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Each run i n  the simulator and field tests consisted of an approximately 
15 minute drive which included a pseudo-random sequence o f t h e  above tasks. 
Program starting points were varied and counterbalanced between subjects i n  
order t o  avoid learning the event sequences. Circuits f o r  detecting red 
l igh t  and speeding violat iom were activated a t  approximately 30 percent of 
the events t o  simulate occasional police surveillance. 
Audio alarms were activated when violations were detected, and when the 
lateral g l i m i t  for loss of control was exceeded in the f i e l d  test. A crash 
buzzer was activated i n  the simulator when subJects exceeded the road 
shoulder limits, or ran i n t o  obstacles or  adjacsnt cars. Accidents in the  
f ie ld  test vere further defined by s t r iking the t ires and cones used t o  
define the edge of the  course (Fig. 2a). Thus subjects were givnn complete 
feedback on t r a f f i c  safety related variables (accidents and t icke ts )  as 
they WOUlCl i n  the real world, In  addition t h e  number of accidents and 
t i cke ts  were used as t r a f f i c  safety measures on the overall driving scenario 
and were also accounted f o r  i n  the reward/penalty structure as described 
belaw. 
Subjects were instructed t o  behave as they normally would i n  a driving 
si tuat ion wi th  a reasonable motivation f o r  timely progress while avoiding 
t r a f f i c  violatian8 and accidents. In  addition, the monetary reward/penalty 
structure given in Table 2 was used t o  simulate real-world drfving motiva- 
t ions and r i s k s  (Ref. l h ) $  and provide a quantitative value structure for 
expected value modeling of decision-making behavior (Ref, 13). %,e  overall  
Run comgletion bonus 
Time saved reward 
Low t ick& penabty group 
High ticket penalty g r o w  
Accident penalty 
Route error  penalty 
$1 0 
$2/1nin 
$l/t i  cket 
$2/t i ckat 
$2/wash 
- 
scaling of the  structure was made large enough to be meaningful and compara- 
ble t o  t h e  subjectft' hourly wages. The. run completion bonus was included t o  
insure subjects completing each run, r?d the time saved reward was set t o  
encourage t h e  subjects t o  -e timely pmgress on the drives and not become 
excessively cautious, Penalties were assessed f o r  t ickets ,  accidents and 
route errors ( t r a f f i c  safety factors).  Ticket  penalt ies are one factor that 
can be manipulated i n  the  real-world ( i . e . ,  traffic court fines) and a be- 
tween group comparison was included for two levels of this var iab le .  Results 
of the simulator study showed no significant difference8 between t h e  $1 and 
$2 penalty groups 80 t h e  high t i cke t  penalty was increased t o  $4 f o r  t h e  
f ie ld  experiment. Results on thc! t i cke t  penalty variation a re  fully dis- 
cussed i n  Ref. 14. 
Subjects were selected from the male licensed driving population through 
a newspaper ad and screened t o  insure heavy drinking tendencies (defined as 
the capability for  reaching a peak BAC of 0.19) Based on age and scores on 
a h o s t i l i t y  test (Ref+ 16) and bett ing test (Ref. 17) , subjects were matched 
and divided in to  the two penalty groqps. During t ra in ing  sessions subjects 
were given several one-half hour exposures t o  the simulated driving scanarioa 
and reward/penalty structure i n  order t o  minimize learning effects  during the  
formal data sessions. 
The experimental deeign shown in Fig;. J was completed by 12 subjects i n  
t h e  simulator experiment and a t  a l a t e r  date by a different  group o f  14 sub- 
j e c t s  i n  the f i e l d  t e s t s .  8ession order was counterbalanced between subJecfs. 
Performance was measured i n  four separate runs during sessions of nominally 
sight how8 i n  length. During alcohol day6 rim8 were administered a t  sober, 
ascending, peak and descending levale of  BloolS Alcohol Concentration (MC) 
in the  shdkatol: t e s t s ,  The ascendi.4 BAC runs were 8ubsequen%%y dropped in 
the fie2d tester based on ainiwab differences i n  sinulator performance levels 
on the aacendbng anel descendinlf; portions af  the BiC: curve, During placebo 
days ~ w 2 8  were administsrtd at  rougMy the stme tlmaa 6 8  an the alcohol days. 
Thus subdects served as t h e i r  own controls for alcohol affect&?, and penalty 
structure was be%waan grow effect.  
The facility laycut and personnel assignments were designed t o  maintain 
eubjsct mt iva t ion  and experinzerllttrl efficiency. RscroatismP weas weye set  
up adjacent t o  tihe 8inuLsrtor and included 8 bar, breath test  area, lounge and 
dining areaJ and Q rastroam. mi8 provided 8 relaxiw atmoqhere Por the 
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subjects between experimental trials and isolated them from laboratory a c t i -  
v i ty  other thaa when they were being tes ted.  
RESUUPS AND DISCUSSION 
Overall Performance 
Performame measures accumuJ-ated over the who16 driving scenario a re  
plotted i n  Fig, 5, which show excellent agreement between the  simulation 
and f i e l d  t e s t  experiments. The t o t a l  payoff per run gives an overall  
combimd ierformance measure of the reward/penalty structure components . 
Avexage payoff was appreciably affected by BAC as i l l u s t r a t e d  i n  Fig. 5a. 
Sober subjects were making an average $1 2.50 per run, which dropped t o  $5 
a t  the peak BAC condition. Analysis of variance procedures (ANOV) proved 
these results t o  be rel iable  ( P  < 0.01), but showed no significant differ- 
ence between the two t icket  penalty groups. The payoff levels  were qui te  
substantial, as the average sober subject made roughl3; $30-50 during h is  
placebo session, and subject comments indicated these payoff levels  moti- 
va%eed performance. 
Component measure,s of the reward/penalty structure a r e  a l so  given i n  
Fig. 5. Average driving time t o  complete the driving scenario (Fig. 5b) 
was remarkably insenaitive t o  BAC, while speeding t icke ts  and accidents 
were appreciably elevated wi th  BAC (Figs. 5c and 5d). 
pletion time was constant, the increased incidence of speeding t icke ts  with 
BAC implies increased speed variabil i ty.  
speed l i m i t  and speeding penalty, and feedback of speed was available both 
visually ;&d aurally. 
i n  perception and/or speedometer monitoring. 
these subjects maintained average speed levels  (and thus average rate of 
event occurrence) under alcohol impairment at the expense of accuracy 
(increased t icke ts  and acciderits) . Thus r i s k  taking increased wi th  BAC, 
but the question remains as t o  whether the drivers were aware of the in-  
creased r i s k  and thus were willingly accepting greater r i sk .  
Since driving com- 
Subjects were well aware of the 
Thus, increased speed var iab i l i ty  suggests decrements 
Considering a speed versus accuracy paradigm, i t  i s  apparent here t h a t  
The simulator driving scenario provided for  three types of accident 
Crashes an exposure, and these accident resu l t s  a r e  plotted i n  Fig. 6. 
the curve resulted from excessive speed and/or poor steering control and 
were the most prevblent accident, 
driver not monitoring h i s  rearview mirror when he decided t o  s teer  around 
the obstacle (subject reported) . 
reported monitoring fai lures  i n  driving s i tuat ions (Ref , 4 ) .  
during the experiment indicated that obstacle crashes occurred ei ther  because 
the d r ive r  took too long t o  decide t o  stop and then h i t  t h e  obstacle, o r  
tr ied t o  s t e e r  around and clipped it from the side. 
The adjacent car crashes arase from the  
This resu l t  i s  consistent w i t h  previously 
Observations 
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I 
Number of 
Crashes 1.0 
Pet 
Subject 
.5 
+ Curve Crashes 
(excessive speed/loss of control 1 
4 Adjacent Car Crashes 
(monitoring faiiure) 
+ Obstacle Crashes 
(late decision o n d h  poor steering control) 
Filled - Alcohol 
Empty- Placebo A 
0 '  
Placebo Trial I 2 3 4 
Alcohol Trial Sober Ascending Peak Descending 
BAC 0.0 0.10 0.1 4 0.10 
Figure 6. Simulator Curve, Adjacent Car and 
Obstacle Crash Results 
The r e l a t i v e  increase i n  experimental accident rate with BAC is  compared 
wi th  real-world data (Ref. 18) as shown i n  Fig. 7. Although there  is some 
difference between the  two experiments reported here (primarily due t o  d i f -  
fe ren t  placebo accident ra tes ) ,  the  data  a re  still. consistent with epidemio- 
log ica l  s t a t i s t i c s .  The knee of the  experimental data occurs i n  the  region 
of  0.10 BAC and the  data bracket the real-world rates. This data thus lend 
c red ib i l i t y  t o  alcohol s ens i t i v i ty  of our- simulated dr iving scenarios.  
Signal Light Behavior 
The probabi l i ty  of going on a given s igna l  timing condition and the  
dr iver ' s  estimate of f a i lu re  (i .e .) running t h e  red l i g h t )  a r e  p lo t ted  i n  
Fig. 8. 
scenario, and the  amber l i g h t  timing was set  t o  change t h e  l i g h t  when the 
dr iver  was 3.4 seconds from the  intersect ion (tra-feling at constant speed) 
i n  the simulator and 4.2 seconds i n  the f i e l d  test f o r  the  data i l lustrated.  
The amber l i g h t  in te rva l  was only 3 seconds long so  the  subjects t~ould invari-  
ably run the red l i g h t  under these conditions if they decided t o  go. 
was some probabi l i ty  of going under this condition, however, which increased 
under alcohol. 
There were 5 s igna l  timings randomly d is t r ibu ted  throughout the  
There 
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0-0 Grand Rapids Data, 5985 Total Crashes 
o---d Evanston Data, 270 Crash Injuries 
@--(I. STI Simulation Study, 
Po* STI Field Study 
47 Total Crashes 
74 Total Crashes 
Blood Alcohol Concentration (BAC) , YO W/V 
6-4 Grand Rapids, 300 Fatal or Serious Crashes 
&-d Toronto Doto, 423 Total Crashes 
o----cJ Vermont Data, 106 Fatal Crashes p 
p---o Manhattan Data, 34 Fatal Crashes 8 
I i ulation tudy, d@ 
47 Total Crashes I ' r  
.05 .IO .I5 .20 
Figure 7. Comparison of Experimental Accidents 
With Real World Data ( a f t e r  Hurst, Ref. 18) 
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The drivers'  subjective estimates of fa i lure  given that they decided t o  
I n  the simulation 
If we hypothe- 
go, SP(F/G), are  consistent with the probability of goiw. 
experiment var iab i l i ty  i n  the estimates increased with BAC, 
s ize  a r i sk  acceptance threshold f o r  going, we see that the increased Varia- 
b i l i t y  leads t o  an increased probability of going. 
combination of increased var iabi l i ty  and lower mean estimate of risk l e d  t o  
increased probability of going. 
I n  the f ie ld  test a 
The subjects'  failure probability estimates were obtained as soon as 
possible af'ter passing through the intersection on randomly selected events 
where the subject did not receive a t icke t  ( the police c i r c u i t  was activated 
only 30 percent of the time) , I n  order t o  check f o r  performance biasing 
(probability estimates influenced by events after the decision point), a 
separate set of runs were conducted i n  the simulation where the whole road- 
way display and signal l i gh t  were blanked at the end of the amber l ight  
interval.  The estimates were MI different under these circumstances than 
when the task was carried t o  completion, These results indicate that the 
faiiure estimates were a ref lect ion of the drivers perception or "Gestalt" 
of the time distance relationship existing a t  the appearance of the amber 
l i g h t  and the decision point,  These points and a complete decision theory 
analysis of t he  signal l ight  behavior i s  given elsewhere (Ref. 15). 
Brake response time on the signal l i gh t  t a sk  was used as a measure of 
s ignal  task  psychomotor behavior. The r e s u l t s  i n  Fig.  9 show no ef fec t  of 
alcohol on e i ther  the mean or var iab i l i ty  i n  response t ine .  
1.5 
Response 'Iok  1 Field 
I .o 
I 1 I I I 
Placebo Trial I 2 3 4 
Alcohol Trial Sober Ascending Peak Descending 
Figure 9. Alcohol Effects on Brake Response Time 
i n  the Signal Light Task 
624 
, 
Curve Behavior 
Drivers had t o  carefully control speed on the curves t o  avoid loss of 
control. As i l lus t ra ted  i n  Fig. 10, drivers did maintain safe speeds on the 
average with no significant effect  due t o  MC l eve l .  However, speed varia- 
b i l i t y  between curves (computed across several repeat curveB/run/sub ject ) 
did signif icant ly  increase under peak %C. ANOV procedures showed t h i s  
effect  t o  be significant a t  the 0.05 level .  By taking in to  account the 
speed mean and standard deviation values and assuming a normal distribution, 
we can compute the probability of exceeding the c r i t i c a l  curve speed, which 
should equal the probability of crashing. I n  Fig. ' I1 computed and measured 
crashed probabili t ies f o r  the  simulator data are compared. 
probabili t ies show an increase i n  the region of peak MC, but a r e  generally 
lower than the data by 30 percent. I n  the f ie ld  test  the mean and varia- 
b i l i t y  does not explain the increase i n  accident rate ( f i e l d  accidents were 
primarily due t o  g l i m i t  exceedences i n  the curves). 
noted that  g exceedence ofylen occurred with steering corrections. Steering 
actions by the driver can exceed t h e  g l i m i t  at speeds below the c r i t i c a l  
speed. 
t ion  f o r  a neutral  s teer  car  can be expressed approximately as a function of 
the car's speed (U,), wheelbase ( a  + b) ,  and front  wheel s teer  angle, %: 
Thz computed 
However, experimenters 
I n  the linear region of t i re  force characteristics, lateral accelera- 
The driver could enter a curve and establish safe steady-state conditions 
( i  .e., constant Uo and h), then provide steering corrections which command 
lateral accelerations beyond t h e  acceleration l i m i t  according t o  the above. 
As noted, the higher the speed (Uo), the  less additional 'steering angle can 
be tolerated before the t i r e s  reach their  acceleration l i m i t .  Errors i n  
this mode might resu l t  from the  driver not establishing a large enough s teer-  
ing angle at the beginning of the curve, then having t o  make a correction i n  
midcourse which is  beyond the  acceleration l i m i t s  of t h e  tires. 
Subjective estimates of r i s k  or 'crash' probability were obtained i n  
both studies a t  the  end of selected curves. No effect  of alcohol was noted 
on these estimates. 
alcohol which was primarily due t o  loss of  control on curves, drivers did 
not exhibit any perception of the elevated r i sk .  
Thus i n  sp i te  of the increased accident r a t e  under 
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Figure 10, Mean and Var i ab i l i t y  of Speed on Curves 
i n  t h e  Simulator and Fie ld  Driving Scenarios 
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0 Actual (no. crashes/total no. curves) 
A Computed from speed mean - 
and variance data 
P(u > 27 mph ) 
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.IO 
Probability 
o f  Crash 
.05 
0 
Figure 1 1 .  Comparison of Actual and Computed Curve Crash Probabilities 
for the Simulator Driving Scenario 
8 u w m  AND CONCWDINcf RmaRKS 
Overall performance on the driving scenario, as measure1 by accumulated 
payoff according to a reward/penalty structure, was appreciably degraded by 
BAC (blood alcohol concentration). Fenalties due to r,ccidents and speeding 
tickets increased with BAC and were primarily responsible for the decline 
in payoff. 
Increased speed variability under alcohol was responsible for the in- 
crease in speeding tickets and cwve accidents. On the average drivers did 
not perceive tho increased hazard of the curve task with alcohol impairment 
as indicated by subjective estimates of risk; however, speed variability did 
increase, probably due to impaired perception of speed. Similarly, going 
behavior on the signal task increased under alcohol due to an increase in 
the variability of risk perception. 
The above changes in speed variability and signal risk perception with 
increased BAC imply perceptual impairment unknown to the drivers. Alcohol 
increased perceptual variability which increased the driver's risk exposure. 
However, the mean level of subjective risk estimates was unchanged with 
alcohol in this experiment, which indicates the subjects were not aware of 
their increased risk expusure. 
alcohol, although increased, was still a low probability event (roughly 1 .2 
and 1 incident per subject per run, respectively, at the peak M C  level). 
Although degraded psychomotor skill and perception combined to increase the 
changes of violations and accidents under alcohol, the subjects were not 
aware of these changes in risk. 
The incidence of tickets and accidents under 
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A decision model including perceptual noise or inconsistency is developed 
from expected value theory t o  explain driver stop and go decisioris a t  signaled 
intersections, The model is applied t o  behavior i n  8 car simulation and instru- 
mented vehicle. ObJective and subjective changes %n driver deciaicm making 
were measured with changes i n  blood alcohol concentration (EAC). Treatment 
levels averaged 0.00, 0.10 and 0.14 BAC for a t o t a l  o f  26 male subjecta, 
were taken for drivers approaching signal l i g h t s  a t  three timing configura- 
tions, The correlation between model prediction8 and behavior was highly 
significant. 
fncrectmd BAC results i n  increased perceptual inconsistency, which is the 
primary cause of increased risk taking at, low probability of 8ucce68 aignab 
Data 
I n  contrast t o  previous rwwarch, e~nalysia indicates that 
l ights * 
One of t h e  motivations for dsvcalaging the driver decision model described 
here wa8 t o  IU~BSUTB and analyze t h e  bebvior o f  abcohel-impaired drivers, We 
desired t o  separate r i s k  takin into ccrarponents of risk erc tlen an$ ecc 
sr'ld-decided t o  accept it or boceusr he dwe not gtrcaiva the increased risk? 
Exgected vrbue theory gravides a sinrgZs construct for  making %hi6 distinction 
and has been applied in t h e  past t o  dcscrtbe impaired dlriver behavior, (Refer- 
ences I ,  2, and 5 ) .  
Here we q ~ l y  a Gubjective Expactad Value (GEV) mode1 t o  explain &river 
stopping and going behavior at  signaled intersections. Percsgt\aal noise i o  
included t o  refleet  8119 tym o f  driver incanshtency i n  the decision-making 
process (Referrnee 3). The modal. i s  applied t o  data eDllscted cas part ef an 
automubile slrnulatar st\aey involving a typical drive-heme 8cenmior Although 
mBasuT(461 were taken throughout the aeanaria en several tarks, 146 concentrate 
here on ~ l g n a l  l i g h t  behavior. We briefly prolarnt t h e  dmicrion m o d e l ,  t h e  
svlgsrimsntal rasdtr ; ,  rand our analysia and interpretation in view sf p r ~ i ~ ~ a  
ancb;. Xf a &river takes 4 ncreased riaka, is it bacsuee *B perce ued the 4- r 
stUdie% , 
The madel was derived t o  &de experimental design and measurement. The 
expected value approach La not new; however, the inclusion of' perceptual nofae 
as applied t o  signal light behavior is original. The basic scenario i s  8 sig- 
nal l ight a t  an intersection which has changed from green t o  amber and w i l l  
change t o  red i n  3 seconds. Bsed on h i s  perception of  speed and distance the 
driver must then  decide whether t o  stup or go. The kinematics fo r  this  task 
have been described previously, Reference 4, Hero we briefly derive an appro- 
priate decision model subject t o  several ausunptions, 
We begin by aimpliQing what is actually a complex decicion task, Refer- 
ence 11, i n  a simple two-alternative? situation. Conceptually we are assuming 
t h i s  decision procsw takes place i n  parallel  with the drfver'e continuous 
speed control behavior a8 i l lustrated i n  Figure 1, Perceptions o f  vehicle 
I i" 
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where SP( .) and V( 0 )  are  conditional subjective probabi l i t ies  and values, 
respectively. 
tions, we can express the probability that  a driver will attempt t:, go through 
the signal l ight .  
the probability of Going is: 
F~om these equations and the several other simpliQi.ng assump- 
Further simplif'ying notation so that  F = Fai l  ard G = Go, 
P(G) = jJ f'[SP(F/G), SP(F/S] &P(F/G) @P(F/S) (3)  
Region 
where the region is  defined by: 
P(G) = P[SEV(G) 2 SW(S)] (4) 
With the assumptions l i s t e d  i n  Table 1, it can be shown (see Reference 6 
for  derivatTon) tha t  the P(G) is  the Gaussian integral: 
TABU 1. SOME MODEL ASSUMPTIONS 
1 .  
2. 
3. 
4. 
5. 
6. 
7. 
Operator select; LJecision alternative w i t h  largest  subjective 
expected value. Values re f lec t  u t i l i t i e s  and are  constant. 
Subjective probabili t ies are mutually exclusive and exhaustive. 
Subjective probabili t ies are Gaussian random variables i n  the 
region of interest  
Increased SP(F/G) decreases P(G), i.e., the Val-ues discourage 
go-failures . 
The verbal estimates of SP(F/G) Linearly re f lec t  subjective 
perception. 
The threshclld value of SP( F/G), below which the operator selects  
the go alternative i s  SPc(F/G): 
0 4 E(F/G) where P(G) = 0.5 
is a constant as compared with being a random variable 
SP(F/S) =' 0. 
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A typical example of these concepts is i l lus t ra ted  i n  Figure 2. Repeated 
observations f a r  a given situation, e.g., signals with the same time t o  the 
intersection, resul t  i n  a dis t r ibut ion of subdective estimates i l lus t ra ted  by 
t h e  top probability density curve. Assuming a cutoff subjective probability, 
SPc(F/G), as i l lustrated,  the  area under t h e  density curve and t o  the l e f t  of 
t he  cr i ter ion is P(G). 
t h e  relationship of P(G) as a function of the average subjective estimate, 
%(F/G), is i l lustrated.  The slope of t h i s  relationship is  determined by the 
var iabi l i ty  of the subjective estimates, asp. 
ing t h e  variance of the subjective estimates is t o  increase P(G) for  the case 
i l lustrated.  
acceptance, SP,(F/G). 
Tiiis is  i l l u s t r a t e d  i n  the bottom of Figure 2, where 
Note t h a t  the effect of increas- 
Also shown is the consequence of a change i n  the driver 's  r i s k  
Figure 2 .  Typical Relationship Between Probability of Going, P(G), 
Subjective ProbabilAties of Fai l  Given a Go, SP(F/G), 
and Signal Timing 
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A useful empirical relationship is also apparent i n  Figure 2. Evaluation 
of Eq. 5 for  the condition SP,(F/G) = *(F/G) resu l t s  i n  P(G) = 0.5. 
subjective cutoff SPc(F/G) can be determined empirically from objective behav- 
i o r  probabili t ies by selecting the value of  %(F/G) a t  P(G) = 0.5. 
Thus, the 
The signal l igh t  tdSk was simulated in  both a fixed-base simulator and 
instrumented vehicle on a closed course as described i n  the companion paper 
(see Reference 14). 
both simulation and f i e l d  studies. 
section, the signal l igh t  i n i t i a l l y  turned green. 
time later, the signal turned amber. 
which compensated fm car speed such t h a t  the time interval  t o  the inter-  
section was the same for  a given intersection ty-pe, regardless of the approach 
speed, if  the driver maintained that  speed. The amber l i g h t  interval was 
fixed a t  3 seconds, following which the l igh t  turned red. 
b i l i t y  for  successfully making a l i g h t  was controlled without placing an ar t i -  
f i c i a l  speed res t r ic t ion  on the  subject. 
commanded. 
sure go (long green). 
t o  a probable go. 
ranged f r D m  2.0 t o  3.5 seconds. 
timings are discussed more f i l l y  i n  Reference 4.) 
The signal l i g h t  timing was controlled similarly i n  
A t  a random-appearing 
When the vehicle approached the inter-  
This time was controlled by a c i rcu i t  
Thus, the proba- 
Five signal timings were automaticlly 
One was s e t  t o  require a sure stop (early yellow) and another a 
The remaining three timings ranged from a probable stop 
The times t o  the intersection from the amber l i g h t  typically 
(The kinematics of stopping or going for  these 
The subjects were instructed t o  behave as they normally would i n  a driving 
s i tuat ion with a reasonable motivation for timely progress and a desire t o  
avoid t ickets  and accidents. Also,  a monetary incentive structure was pro- 
vided as a tangible and quantifiable motivation f o r  performance (see Refer- 
ence 14). 
Subjects were trained u n t i l  objective performance and subjective estimates 
were consistent i n  the view of the experimenter. 
ing began with a short  t u t o r i a l  written exam used as a basis for  discussion 
of the concepts ofprobabi l i t i es .  
t o  three hours of practice driving in  half-hour sessions spread over two days. 
Feedback on performance and subjective estimates was given throughout these 
training t r i a l s .  
Subjective estimate t ra in-  
Following t h i s ,  each subject received two 
Subjects completed t r ia ls  on each of two days. During an alcohol day, 
the trials corresponded t o  an across-sub jec t  average blood alcohol colicentra- 
t ion  (BAC) of 0.00 (baseline), 0.10 (ascending - when measured), 0.14 (peak), 
and 0.10 (descending). 
approximately the same time of t h e  day as for  the above t r i a l s .  The day order 
was countxxrbalanced among subjects . 
During the placebo day, the t r i a l s  were given a t  
Objective and subjective measures were taken, and the number of stop and 
go decisions was recorded. 
decision was detected automatically and recorded irrespective of whether or 
The number of fa i lures  and successes tor each 
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not the driver received a ticket. Corresponding subjective estimates were 
recorded daring the run. 
ure on a scale of 0 t o  100 percent immediately following randomly selected 
intersections. Nominally, six of each type of intersection were selected. 
Intersections for which the driver received a t icket were ignored. (A t a c i t  
assumption i n  using subjective estimates received af te r  the execution of the 
signal task is  that  the subjective probabilities were unbiased by performance 
outcmes as perceived by the subject. 
simulation experiment used selected intersections where the visual scene was 
blanked out immediately following the driver 's  commitment t o  a decision and 
pr ior  t o  going through the intersection. 
on h i s  performance for these selected intersections. 
lar  t o  the "after the fact" estimates.) 
Subjects were asked t o  give the i r  estimate of f a i l -  
To t e s t  t h i s  assumption, a para l le l  
Thus the driver received no feedback 
These results were s i m i -  
The data were examined for each intersection independently over the eight 
t r i a l  conditions (four t r i a l s  per session for placebo and alcohol sessions). 
Both objective and subjective data were analyzed t o  differentiate between 
changes i n  r i sk  acceptance VS. r i sk  perception. 
I n  Figure 3 the objective probabilities of going, P(G), and fai l ing 
given a go, P(F/G), for both the simulation and f ie ld  t e s t  are compared t o  
determine driver risk-taking behavior. The probabilities were computed by 
dividing the t o t a l  number of outcomes by the t o t a l  number of opportunities 
(e.go, P(F/G) =Number of go failures/Number of go's). 
section 2 i n  the simulation resulted i n  the subjects always going, P(G) = 1, 
and the timing was such as t o  preclude go failures,  P(F/G) = 0. 
also adequate on Intersection 3 t o  allow safe go's; however, i n  th i s  case the 
drivers did not always go, Le.,  P(G) 
t ive  t o  alcohol, and the subjects appear t o  have been behaving conservatively 
on Intersection 3. Subjects did not go very frequently on Intersection 4 and 
had a high failure rate when they did. 
go behavior under alcohol fo r  Intersection 4. 
the intersections i n  the f ie ld  t e s t .  
For example, Inter- 
The timing was 
0.75. This behavior was not sensi- 
There is an indication of increased 
This is also apparent for  a l l  
Part .of the reason for t h i s  increased going behavior on some intersection 
timing i n  spi te  of increased failures is i l lust rated i n  Figure 4. 
note that  the variabil i ty of the s u b j e c t i s  r i sk  perception, asp, increases 
although the average perception of risk,  SP( F/G), remains relatively constant. 
Considering a typical switching criterion, as shown in  Figure 4, we see that  
the increased variabil i ty of r i s k  perception with increased alcohol leads t o  
a greater percentage of subjective eptimates below t h i s  criterion. 
f ication for t h i s  interpretation was validated via s t a t i s t i c a l  analysis of 
parameters for the proposed model. 
Here w e  
The jus t i -  
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Figure 4. Changes i n  Subjective Estimates of the Probabi l i ty  
of Fai lure  Given a Go Attempt, SP(F/G) wi th  BAC Condition 
The decision-making model discussed above was used t o  analyze dr iver  r i s k  
acceptance behavior. This was accomplished in  three steps.  F i r s t ,  d r iver  
r i s k  acceptance thresholds, SP,(F/G) , werz computed f o r  each experimental 
treatment. 
intoxication. 
ing t o  Pq. 3 and result’ing computed o r  estimated values of the  probabi l i ty  of 
going, P(G), were compared with ac tua l  P(G) data t.0 es t ab l i sh  model val idi ty .  
Then the threshold data were analyzed t o  invest igate  changes under 
Finally, the various r i sk  perception data were combined accord- 
Risk acceptance thresholds were computed fo r  each subject and each run 
by curve f i t t i n g  a r i s k  acceptance function (Figure 5) t o  P(G) and SP(F/G) 
data fo r  the  three intersect ion timiiig conditions. 
WRS used t o  describe the  risk accev!ttzn?a function: 
A trigonometric f’unction 
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By rearranging th i s  formula we obtain a relationship which can be used for 
a l inear regression f i t :  
The data input for t h i s  regression fit is the mean subjective probability of 
failure and probabili.ty of going for each intersection. The derived values 
are then a and the r i sk  acceptance threshold SPc(F/G). The parameter a des- 
cribes the slope a t  the midpoint of the r i sk  acceptance and is inversely pro- 
portional t o  the r i sk  perception variabil i ty asp. 
effects on driver r isk acceptance. 
t o  conrpute probability of go estimates, P(G), according t o  Eq. 5. 
compare favorably as shown i n  Figure 6. 
were employed t o  compare the actual and estimated values of P(G). 
ratios indicated that  P(G) was highly correlated with the computed estimate 
P(G), Reference 6. 
The SPc(F/G) were computed and analyzed with, no indication of alcohol 
Analysis of covariance procedures 
The S,Pc and SP(F/G) data were then used 
These 
The F 
These results sugEst  that  the alcohol effects on the drivers'  subjective 
r i sk  perception, both SP( F/G) and asp, are responsible for drivers increased 
going behavior while intoxicated. 
model i n  analyzing that  behavior. 
They also validate the userulness of the 
There are other possible interpretations of these results.  An intui t ive 
one is  that  the variations i n  subjective estimates are due t o  variations i n  
the time of the decision and not t o  variations i n  perception for  a given time 
and distance relation. Eowever, a preliminary analysis of the time histories 
for several of the subjects indicated that  the response times did not change 
significantly under alcohol, Reference 7. 
which could be applied t o  the observed signal l igh t  behavior. A potentially 
f ru i t fu l  approach is  the signal detection model as developed by Green and Swets, 
Reference 8, expanded for application t o  man/vehicle problems by C u r r y ,  e t  al.,  
Reference 9, and applied t o  the lane change maneuver by Cohen and Ferrell,  
Reference 10. 
hood r a t io  threshold and Newman-Pearson strategy, may be applicable. 
it is apparent from Figure 6 that  the additional refining assumptions used i n  
these models may not be necessary for interpreting the major effects of alcohol 
on decision behavior, 
I n  addition, there are other models 
Other types of c r i te r ia  suggested i n  t h i s  work, such as l ike l i -  
However, 
While increasing frequency of driving decision errors with increased 
l3AC has been found by other researchers, the interpretation of which behavior 
component is  primarily responsible for t h i s  increase has been inconsistent. 
Comparison between studies i s  confounded beccdi-e of differences i n  tasks, 
reward and penalty conditions, alcohol traatment methods, and analytical  
approaches However, the results can be i.nt;erpreted and compared as follows, 
640 
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I n  agreement with our results, four of the  five other studies commented 
on here found increased r i sk  taking with increased aLcohol intake. Cohen, 
Dearnaley, and Hansel, Reference 1, in  evaluating bus drivers'  willingness t o  
drive through a cone-delineated gap found the number of attempts increased 
with alcohol intake, 
f i c  signal, found the number of go responses significantly increased under 
alcohol. 
attempted passes i n  a simulated overtaking and passing task. 
stad, McFarling, and Struckman, Reference 13, i n  evaluating performance on 
laboratory analogs of automotive passing tasks with multiple discriminant 
analysis, found t h e  discriminant "riskiness/indecisiveness" increased with 
alcohol, This discriminant included a positive loading on passing attempts. 
The only exception t o  t h i s  trend was presented by Snapper and Edwards, Refer- 
ence 2, who found no significant change w i t h  BP.C i n  the number of attempted 
lane changes through a given gap size on the i r  closed course. 
Lewis and Sarlanis, Reference 11, using a simulated traf- 
Light and Keiper, Reference 12, also found an increased number of 
Finally, E l l i n g -  
The interpretation of these data as resulting from changes i n  psychomator 
sk i l l ,  perceptual abi l i ty ,  o r  cognitive r i sk  acceptance varies between authors , 
Re-analysis is diff icul t  because only two of these studies took sufficient 
measures t o  delineate changes in  decision strategies, 
ence 1, asked the bus drivers t o  indicate levels of confidence expressed as 
the number of times out of five the driver thought he could succeed i n  driving 
through the different size gaps, 
on the average for the narrowest accepted. gap; however, the  accepted gap size 
decreased w i t h  increased alcohol intake. Therefore, he assumed "If the d i f f i -  
culty of the task remained unchanged, they became more optimistic and attached 
a higher subjective probability t o  the task." The variances i n  the estimates 
were not reported. Cohen concluded that  the primary effects of alcohol were 
t o  decrease psychomotor s k i l l  and deteriorate "judgment , I1  where we interpret 
judgment to  include mean perception, 
aaked the i r  subjects for subjective probabilities and found no slgnificant 
change i n  the mean for a given gap size. 
subjective estimates and no increased r isk taking, but with increased failures 
i n  execution, they concluded that  the primary effect of increasing EAC was 
degraded psychomotor s k i l l ,  
tency or variabil i ty of the subjective probabilities were presented. 
Cohon, e t  al . ,  Refer- 
The estimates did not change significantly 
Snapper and Edwards, on the other hand, 
As they found no change i n  the mesn 
Again, no data on the effects of BAC on the consis- 
By comparison, our findings agree with most of these results but not w i t h  
the authors' interpretations, As ir,  most of these studies, we found increased 
risk taking and no change I n  r i sk  acceptance, i , e . ,  no change i n  the mean sub- 
jective estimate for a given intersection, 
increased r i sk  taking i s  primarily due t o  increased variance o r  inconsistency 
i n  perceptual estimates, 
found by the f i r s t  four authors mentioned above i f  data on mean and variances 
of subjective estimates were available, 
and Snapper and Edwards' conclusion may be due t o  a t  least  two factors. 
lane chan e task placed more emphasis on psychomotor execution than dwes the -- current + s gnal l ight task; hence the i r  results may have been more sensitive 
t o  t h i s  type of degradation. I n  fact, we found considerable degradation i n  
the consistency of ps chomotor performance i n  the other lasks i n  our driving 
scenario (Reference 7y. In  addition, a fundament9 difference between our 
However, our data suggest that  
This interpretation could also explain the results 
The disparity between t h i s  conclusion 
Their 
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simulated driving tasks and those of both of t h e  previous studies using sub- 
jective estimates is  addition of temporal pressure. 
t o  form t h e i r  estimates in  "real time" as opposed t o  the  "stop action" type of 
judgments and driving scenarios used i n  previous studies. 
Our subjects were required 
Thus, the behavior s k i l l s  required for  the decision-making tasks of the  
other researchers are smewhat different from those studied here. 
? * - ?  these differences, the other studies may have had the same cause f o r  the 
:.im*eased r isk taking as measured here, namely, dis tor ted perception, but they 
d id  not present suff ic ient  data t o  determine it. 
A l b w i n g  
I n  summary of previous decision-making studies, those aspects of our 
resul ts  which are  direct ly  comparable w i t h  previous research largely agree 
with those findings. Risk taking generally increased w i t h  increasing BAC. 
Interpretation of previous work beyond t h i s  point is d i f f i c u l t  because of 
insufficient measures. 
conclusion that  the:e is no change in r i sk  acceptance. Our interpretation 
of these resul ts ,  t ha t  perceptual d i s t o r t i m  is  a primary cause of alcohol- 
induced increased r i s k  taking observed for simple tasks, i s  new. 
However, tha t  work does not disagree wi th  the  current 
An expected value model accounted for the effects  of perceptual noise 
on decisions for  drivers i n  a simulated signal l i g h t  task. With t h i s  m o d  ', 
analysis of the significant changes i n  behavior for increasing BAC indicaced 
no changes i n  r i sk  acceptance; tha t  is ,  subjects did not change t h e i r  subjec- 
t ive cr i ter ion level. The primary came of the increased r i s k  taking found 
for  intersections timed with a low prDbability of succese was increased incon- 
sistency or  variance i n  t h e i r  subjective perceptual estimates. 
These resu l t s  have ramifications both for  researchers i n  t h i s  f i e l d  and 
those attempting t o  apply the results.  I n  f i t u r e  human decision-nlaking work, 
measures of inconsistency i n  perception should be given as much attention as 
measures of centra?. tendency. Also suggested by these resu l t s  is tha t  one 
method of reducing drinking driver errors may be t o  Imyrove the dr iver 's  per- 
ceptual environment t o  decrease h i s  inaoncistency. We could expect these 
resul ts  t o  generd.ize the effects  o f  alcohol on other such real-time decision 
tasks as  a i r c r a f i  and spacecraft: control. I n  addition, the  analytical  frame- 
work used here may be useful i n  evaluating the effects  o f  other drugs and 
stressors on human decision behavior. 
Th i s  work was 8upported by the  Department of Transportation, National 
Highway Traffic Safety Administration, under Contract No. D(rr-HS-4-00999. 
The views expressed i n  t h i s  paper are  those of the  authors and do not neces- 
s a r i l y  represent those of the National Highway Traffic Safety Administration. 
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COMBINED MONITORING, 
FOR THE HUMAN OPERATOR 
DECISION AND CONTROL MODEL 
IN A COMMAND AND CONTROL TASK 
Ramal Mwalidharan, Sheldon P.aron 
Bolt Beranek and Newman Inc., Cambridge, MA 
SUMMARY 
This paper reports on the ongoing efforts to model the human operator in 
the context of the task during the enroute/return phases in the ground based 
contrc; @f multiple flights of remotely piloted v2hicles (RPV). This is a part 
of our research aimed at investigating human performance models and at modeling 
command and control systems .* 
The approach employed here uses models that have their analytical bases in 
control theory and in statistical estimation and decision theory. In 
particular, it draws heavily on the models and the concepts of the optimal 
cmtrol made1 (OCM) of the human operator. We are in .;he process of extending 
tho OCK into a combined mmitoring, decision, and control modei (DEMON) of the 
human operator by infusing Decision theoretic notions that make it suitable for 
application to probLems in which human control actions are infrequent and in 
which monitoring and decision-making are the operator's main activities. Some 
result3 ohtai?ed with a specialized versio9 of DEMON for the RPV control problem 
fr'e included. 
I .  INTRODUCTION 
1.1 Hodeling Coals 
We are involved in a program of research aimed at investigating human 
oerfomance models and approaches to modeling command and control systems ( see 
reference I). A part of our research effort concerns the study of the 
feasibility of modeling the numan operators in command and control systems via 
control and decision theoretic models. This paper describes the salient aspects 
of this part of our ongoing research effort. 
1.2 Meling Approaoh 
The approach jmployed here uses models that tiavo their analytical bases in 
control theory and in statistical estimation and decision theory. In 
oarticular, it tyaws heavily on the models and concepts of the OCM (references 
2-61, The modeling approach is normative, in that one determines what the human 
operator ought to do, given the system objectives and the operator's 
* The research reported in this paper was supported by the Air Force Office of' 
Scientific Research under contract F44 620-764-0029. 
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limitations, and this serves as a prediction of what well-trained, motivated 
operators will do, 
In the basic OCM concern is more with the operatorts continuous interact. . I 
with the system, as demanded by closed loop analysis, than with his response La 
discrete events. The development of the basic OCM and its model structure has 
been dictated by thz principal areas of its previous application, viz., vehicle 
control. We shall extend the OCM by incorporating structures and notions that 
make it suitable for application to problems in which human control actions are 
infrequent and in which monitoring and decision-making are the operator's main 
activities.* The expected end product is a combined monitoring, decision, and 
control model for the human operator in a comand and control task. 
?..3 Task definition 
In this paper we shall discuss our modeling effort as it relates to the 
task facing the human operator during the enroute/return phases in the ground 
based control of multiple flights of remotely piloted vehicles (RPV). 
The enrouteheturn phases together with a terminal control phase 
constitute an nRPV missionn. An RPV-mission consists of coordinated flights of 
several RPV-triads. Each triad has a strike vehicle (SI, an electronics 
countermeasures vehicle (E) and a low- reconnaisance vehicle (L). Each RPV is 
automatically controlled along a pre-programmed flight plan assumed optimal 
with respect to terrain and defenses. The RPVs deviate from their flight plan 
due to navigation system errors, position reporting errors, communication 
jamming by the enemy, equipment malfunctions etc. These deviations are kept in 
check by external monitoring and eontrol from the ground station. This 
supervision is provided by human enroute controllers, who are equipped with CRT 
displays for monitoring flight path and vehicle status and with keyboards and 
light pens for introducing changes in RPV flight parameters. The ultimate 
objective of the enroute controllers is to ensure that the S and E RPVs fly on 
schedule over the target 15 seconds apart followed by the L RPV two minutes 
later to assess damage. This time-phasing at the target fa  accomplished by 
time-phased handoffs at designated hand-off coordinates on the flight plan. The 
S RPV's are handed off to the terminal controller (pilot) equipped with a 
televised view from the nose of the RPV and with standard aircraft controls and 
displays in erder to direct each vehicle to a specific designated target, 
release its payload, and hand it back to one of the enroute controllers. 
Terminal phase control is achieved only if the S RPV is within a 1500' 
corridor around its flight plan. It is the responsibility of the enroute 
operator to comand npatchesn to alter the flight plan as necessary to achieve 
terminal phase control. These patahes are acceptable (nGOIt) only if they 
satisfy constraints such as turning radius, available fuel, command link status 
etc. 
-- - * This type of extension is feasible because of the basic information processing 
structure cf the OCM. Indeed, there have already been applications of OCM to 
account for visual scanning(referenoes 7,8) and decision making(referenc9s 
9,101. 
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In summary, the enroute operator's task is to monitor the trajectories and 
ETAS of N vehicles, to decide if the lateral deviation or ETA error of any of 
these exceeds some threshold, and to correct the paths of those that deviate 
excessively by issuing acceptable patches. 
2. THE CLOSED LOOP WDEL 
A block diagram modeling the flow of information and the control and 
decisions encountered by the human operator (ewoute operator) is shown in 
Figure 1. 
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Figure 1. Block Diagram for RPV Monitoring/Control Decision Problem 
DCF: The DCF (Drone control facility) contains the stored flight plans 
that drive the N subsystems RPVi, i=1,2,. . . ,N. They are usually *foptimalt* with 
respeat to current terrain and other information. We will assume they can be 
computed using state-variable equations. 
System: Phe N RPVs undergoing monitoring/control constitute the system. A 
simple non-lineal. representation of their dynamic behavior will be qssumed for 
this analysis. Linearization will be carried out if necessary for 
implementation of the model. The true status xi of the i-th RPV aay be 
different from the stored flight plans due to *ldisturbancesfil wi, The reportid 
status yi will be different from the true status xi due to repwting errcp v . 
The observed status $- will depend on the reported status y! and on t, e 
"monitoring strategy** '(to be discussed later on) .The disturbanzes wi and 
reporting error v# will be modeled by suitable random processes, The y1 are the 
displayed variables corresponding to RPVi. 
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lbnitoring Strategy: Since the human must decide which RPV or which 
display to look at, he needs to develop a monitoring strategy. This iil 
important because his estimates of the true status of each RPV (and hence his 
patch decision strategy) will depend upon his monitoring strategy. To account 
for the interaction of the patch decision strategy with the monitoring strategy 
we formulate and solve a combined monitoring and patching decision problem 
(Appendix B has the details). 
Monitoring strategies may be distinguished by whether they predict 
temporal (time histories of) monitoring behaviour or average monitoring 
behaviour over some chosen time horizon. Most of the earlier work .in the 
literature, including that with the OCM, falls in the latter category. The 
monitoring strategy we derive will predict temporal behaviour which can be 
simulated . Some of the monitoring strategies derived in the literature which 
we expect to investigate in the DEMON setup are: 
(i) A simple strategy involving cyclical processing of the various 
RPVs( reference 11 ) . 
(ii) A strategy generalizing the Queueing Theory Sampling i-hiel (reference 
12), which woulci minimize the total cost of not looking at a particular RPV 
at a given time. This strategy is mainly useful for maintaining lateral 
deviations within allowable limits. The costs for errors and for the 
different RPVs would be functions of the time-to-go and, possibly, RPV 
type 
(iii) A strategy of sampling when the probability that the signal exceeds 
some prescribed limit is greater than a subjective probability 
threshold(references 13,14). 
(iv) A strategy aimed at minimizing total estimation error(reference 7) 
This strategy would be consistent with monitoring for the purpose of 
minimizing lateral deviation errors. 
Information Prooessor: This block models the processing that goes on in 
the human operator to produce the current estimate of the true RPV status from 
past observed status. This block is the well known control- theoretic model 
consisting of a Kalman filter-predictor which produces the maximum-likelihood, 
least-squares estimate t , s2,. . . , sN) of the true status x of all the 
RPVa. It also produces the variance of the error in that estimate.(Note that an 
estimate of the state of each RPV is maintained synchronously at all times. 
Observation of a particular RPV improves the accuracy of the estimate of the 
status of that RPV while uncertainty about the status of the remaining, 
unobserved vehicles increases. ) Given the assumptions generally made for this 
kind of analysis, the information processor can thus generate the conditional 
density of x based on the past observations y. 
Deoision Strategy: This block models the process of deciding which, if 
any, RPV to patch. We consider the decision process to be discrete (it takes 5 
sec to get a new display). The cost of making a patoh would reflect the lost 
opportunity to monitor and/or patch other RPVs as well as breakirtg 
radio-silence; the gain (nehative cost) is the presumed reduction in error for 
the "patched" tehicle. The decision strategy attempts to minimize the 
(expected) cost. This block translates the best estimate 2 i3to a decision to 
(i) command a patch to one of the RPVs and/or (ii) modify the future monitoring 
st rat egy 
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Patoh CocPland Generator: This block generates the commanded patch. We 
shall investigate a strategy based on minimizing a weighted sum of the time to 
return to the desired path and the total mean-square tracking error. The 
allowable paths would be constrained by the RPV turning radius limits. Random 
execution errors would be added to the commanded patch to represent human 
errors. 
Patch Check: This consists of a GO/NO GO check on the patch using 
conditions on turning radius, covmand link status, etc. 
3. HATHEMTICAL DETAILS OF TIlE MIDEL 
3.1 System 
The system under study consists of the N-RPV subsystems and may be 
described by the state equations:* 
A = AX + dBu +Ew +Fz ,x(to) = xo (1 1 
where the state vector x includes the states xi of' the N-RPV subsystems. Here d 
is a vector of decision variables (to be explaipsd below) and z is a non-random 
input vector which will. be used to model non-zero means of the random inputs w 
as well as any predetermined command inputs. In the present RPV context z will 
be used to generate the flight plan for the RPVs. The vector u denotes the 
patch control input to the RPVs. In partitioned form equation ( 1 )  appears as 
follow8 : 
For the system under study, the following observations hold: 
Al: Only one of the N-RPV subsystems may be controlled by the 
A decision to control the i-th RPV subsystem patch-control u at any given time. 
then implies the following conditions on the decision variables: 
d i = 1  , d j = O  , j d i  ( 3 )  
A2: The N-RPV subsystems are decoupled (except for the interdependence of 
the decision variables via ( 3 ) ) ,  that is, 
* For the purFose of discussim, a linear model is assumed. In act= 
implementation! we may use a simple non-linear model in which case ( 1 )  would 
represent a linear perturbation equation for the system about some nominal 
trajotory. 
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The N-RPV subsystems may t h u s  be described by 
S i  = A i i  xi + diBiu + E i h i  + F i i Z i ,  xi ( to)  = ~4 
d i  = 0 or 1 
(5a) 
(5b) 
L d i  F = 1 o r  0 ( 5 c )  
3.2 Flight Plan (DCF) 
subsystems fol low t h e  f l i g h t  plan Zi 
When there is no d i s tu rbance  wi and no (patch) c o n t r o l  u then the  N-RPV 
( 6) ti = A i i  2 i  +Fi iz i ,  zi( to) = 26 
F l i g h t  p l m s  made up o f  s t r a igh t  l i n e s  are easily generated us ing  a piecewise 
constant  time f’unction for zi and as the  launch po in t .  
3.3 Patchip! 
Denoting these dev ia t ions  by ei = xi - Gi it fol lows from ( 5 )  and (6) t h a t  Any d i s tu rbance  wi causes  t he  i - t h  RPV t o  d e v i a t e  from its f l i g h t  plan.  
( 7 4  hi t Aii ei + diBiu + Eiiwi , ei(tO) = x&-;b 
d i  = 0 o r  1 
C d i  = 1 o r  0 
It is the  purpose of the (patch) c o n t r o l  u to correct any such dev ia t ion .  Since 
wi is an unknown random d i s tu rbance  and di is nonzero for a t  most a s i n g l e  RPV 
subsystem, it is not possib1.e to  maintain ei=O for a l l  i. The operator t h u s  
faces t h e  patching problem which c o n s i s t s  o f  the  fol lowing three sub-problems: 
(i) Monitoring dec i s ion  - which RPV t o  monitor? 
(ii) Patching d e c i s i o n  - whether to  patch t h e  qon i to red  RPV? 
(iii) Patch computation - what patch command to  i s sue?  
3.3.1 lbnitoring Deaiaion 
As mentioned be fo re ,  t h e  monitoring dec i s ion  is i n t i m a t e l y  connected with 
the patching dec i s ion  because it restricts t h e  a v a i l a b l e  patching op t ions .  For 
example, i n  the p resen t  RPV con tex t  on ly  a monitored RPV can be patched. The 
combined monitoring and patching dec i s ion  problem is analyzed i n  appendix B. 
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3.3.2 Patohing Decision 
A patching decision consists of deciding if  t h e  monitored RPV subsystem is 
to be patched.. A t  most one of the RPVs may be patched a t  a given time. One 
idea of patching is t o  reduce deviations from t h e  f l i g h t  plan t o  below some 
threshold values. Some facts  to  note are: 
(i) Cross-track error of less than 250' is desired for t y p e 4  RPVs 
(ii) Terminal-phase control not possible i f  cross track error  exceeds 1500' 
We assume a normative model, i n  which t h e  operator attempts t o  optimize some 
(subjective) measure of performance v i a  a patching decision. This performance 
measure would depend on h i s  understanding o f  t h e  mission objectives. Some o f t h e  
objectives of the RPV mission are: Don't lose an RPV, maintain ETA, maintain 
l a t e ra l  position, maintain radio silence. We consider two alternative cost 
functions Lo help i n  arriving a t  a patching decision: 
Piecewise constant cost function 
C(ei) = Ei 
C(ei) = c i  
i f  ei E e+, a threshold set 
i f  e i  c e+ 
Quadratic Cost function 
The choice of e t  and K w i l l  be made based on facts  of the type (i) and (ii) 
noted above. The costs C1, Ei, C(ei) w i l l  be chosen to  be functions of mission 
time to reflect the  importance of ETA. As mission time gets closer to  ETA for 
RPV-i, Ci w i l l  be made larger and/or e4 w i l l  be shrunk t o  ref lect  llurgencylt. 
The optimal patch decision w i l l  be chosen t o  ininimize the expected cost using 
subjective probabilities corrputed w i t h  the help of t h e  information processor. 
The de ta i l s  are i n  Appendix B. 
3.3.3 Patch Control Computation and Ceneration 
Once a decision i s  made tc patch a particular RPV-subsystem, it is 
necessary to  compute and execute the patch control. The purpose of a patch 
aontrol is to  guide the a i rc raf t  from its i n i t i a l  location and heading t o  
intercept and f l y  along the planned f l i g h t  path. Various c r i t e r i a  may be 
considered to compute the optimal patch control, for example, a strategy that  
minimizes the time t o  return to  the planned f l igh t  path (see appendix A and also 
reference 15). 
4. IWPLEMSWTATION OF THE WDEL 
DEMON, t he  combined monitoring, decis im,  and control model of the human 
operator is being implemented i n  FORTRAN. The program ha> a modular structure 
t o  f ac i l i t a t e  ease of adding f u r t h e r  modules to include alternative monitoring, 
control, and deaision s t ra tegies  that may appear promising a t  a f u t u r e  date. 
To accomodate the random aspects of the problem, the program w i l l  basically 
have a Monte-Carlo simulation charaoter. The specialized version of DEMON for 
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the  RPV problem w i l l  produce as outputs  the "true" time-histories o f  t h e  RPV 
f l i gh t s ,  t h e  sequence of monitoring and patching deoisions made, and the  
r e su l t i ng  performance. 
The important aspecta of the simulation program implementing Demon are 
Figure 2. Flow Diagram for the  airnulation program implementing DEMON 
shown in the flow diagram in rigure 2. There areB as indioatbd, nine major 
modulea i n  t h e  program. Module8 4, 6 and 7 are o f  apeoial  i n t e r e a t  beoruse they 
dc not arise i n  t h e  usual minual oontrol  modela. The theory behind there 
modules is developed i n  Appendioes A and 8. As indicrrted i n  Appendix A, the 
patch eomnand generator aould involve a non-linear oontrol  law, 
In order to  t e a t  some of the modeling oonooptm m d  t o  dab- tho  DEMON 
program we oonsider a simple example whioh orpturas  tho e88adoo of t h e  RPV 
mission while dlsoarding the n l t t y  #ribty d6tail8, Tho lateral motion o f  tho 
RPVs about their f l i gh t  plan 5s reprerentad by random walk proarrrar ovar tho  
a8SUmOd missiott duration of 600 franro (3h6 d i rp l ry  frame updata rate i r  evory 5 
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seconds). Each RPV is observed v i a  a s i n g l e  lateral d e v i a t i o n  d i s p l a y  and 
c o n t r o l l e d  v i a  a constant  v e l o c i t y  comand. The permiss ib le  patch back to  the  
f l i g h t  p lan  is constrained by the maximum al lowable speed which r e p r e s e n t s  t h e  
t u r n i n g  r a d i u s  c o n s t r a i n t .  The patch c o n t r o l  s t r a t e g y  is t o  use maximum 
allowable speed adjusted by a " s a f e t y  factor" which depends on the  "NO GO1' 
patches issued previoualy by the operator for t h a t  R P V .  
Some preliminary r e s u l t s  have been obtained using DEMON on t h e  above 
s implif ied RPV m i s ~ i o n .  The f lavour  o f  the  r e s u l t s  we obtained is ind ica ted  i n  
Figure 3 which shows the  combined effect o f  ETA dependent ( shr inking)  threshold 
and d i f f e r e n t  RPV p r i o r i t y  on t h e  simulated simple RPV mission, As mission time 
i n c r e a s e s  RPV monitoring frequency increases  . But there comes a time when 
monitoring resources  are not adequate t o  s a t i s f y  the  i n c r e a s i n g  needs of each of 
Figure 3. Effect of Shrinking Threshold and RPV P r i o r i t y  
t h e  RPVs and then  t h e  h ighes t  p r i o r i t y  RPV demands most of t h e  a t t e n t i o n  i t  oan 
get while the lowest p r i o r i t y  RPV g e t s  no a t t e n t i o n  from t h e  opera tor .  
6. CWCLUSION 
We have developed DEMON, a combined monitoring, dec is ion  and cont ro l  model 
for t h e  human opera tor  i n  t h e  context  of t h e  enroute  phase of an RPV mission, 
Since the monitoring s t r a t e g y  der ived from DEMON is temporal it has obvious 
a p p l i c a t i o n  t o  developing instrument scanning s t r a t e g y  for f l i g h t  c o n t r o l  and 
management. We have s t r u c t u r e d  the  model t o  have wider a p p l i c a b i l i t y  ( than  the  
problems addressed by the bas ia  OCM or tile RPV control problem) and expect it t o  
be usefu l  t o  model human o p e r a t o r s  whose c o n t r o l  a o t i o n s  may be infrequent  but 
whose monitoring and deaison making may be the  primary a c t i v i t i e s .  We 
o o t i c i p a t e  t e s t i n g  and r e f i n i n g  the  DEMON model f u r t h u r  using an e x i a t i n g  data 
base for the RP'i cont ro l  problem(reference 16). 
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7. APPEIiDIX A: PATCH CONTROL STRATEGY 
7.1 Spster Dynamics and Patch Captatation 
I n  Section 3, the N-RPV system dynamics were considered in general terms. 
Here, we shall use a simple model for t h e  RPV-subsystem dynamics and derive a 
specific patch control strategy. Considering only the projected motion i n  the 
horizontal plane we shall  re-write the normalized equations of motion derived in 
Figure 4. Choice of Co-ordinates for System Equation 
reference 15, using t h e  s ta te  variables(see Figure 4)  XI = ground-speed error,  
x2 = aross-track error, x3 = velocity oomponent along track, x4 = heading 
relative to  traak: 
T free 
x3 + xg = 1 
Once a decision is made t o  patch a partiaular RPV-subsystem, it is 
necessary to  compute and exeoute the patoh control. The purpose o f  a patoh 
control is to  guide t h e  a i rcraf t  from its i n i t i a l  location and heading to  
intercept and f l y  along the  planned f l i g h t  path. Various or i ter ia  may be 
considered to  compute the optimal patch control. Many cr i te r ia  may be written 
i n  the form, 
J = 1/’2Klxf(T) + 1/2K2 6’ x$ d t  + K3 
which is a weighted sum of the square of the grcund speed error,  integral square 
of the cross-track deviation, and time to return to the planned f l i g h t  pcth.We 
shall only solve the special problem of minimum time t o  return to the  f l ight 
path by choosing the weights t o  be Kl=OtK2 and K3=l .  
d t  
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7.2 Hinima Time Patoh Stratwy 
Using the necesssary conditions for minimum time it is easy to see that the 
It can furthur optimal control is Bang-Bang except for possible singular arcs. 
be shown that the singular control is identically zero. 
Figure 5. Minimum Time Patch Control Strategy 
The computed minimum-time patching strategy is indicated in Figure 5 .  For 
example, all points in state space that can be brought to the planned flight 
path using a single left turn u:l ape characterized by the equation x2(0) z cos 
x1+(0)-1 , 
The minimum time required for the patch will be cheoked against the 
scheduled hand-off times for the given RPV to determine if the computed patch 
should be executed. Velocity patches to correct for ETA errore with due regard 
to fuel constraint8 may be included by a simple extension of the above problem 
(for example, append to the minimum time patch a velocity patch to minimize BTA 
errors) e 
The operator does not observe the stctes x directly, and will base his 
control actions instead on the best estimates of these states available to him 
based on all his observations. This disjoining o f  estimation and control is 
justified by the nseparation principlen 
8. APPBIIDIX B: PATCH DBCISXOH SHll?EGT 
(see reference 17). 
8.1 Intmduotion 
In this appendix we shall formulate and solve tho combined monitoring and 
patching decison problem enoountered by the enroute operator in the RPV mission, 
As stated in section 3, the information yrocessor produces the currerat estimate 
xn of the true statu* x of 81:. the RPVs at any time. It also produces the 
varianae o f  the error in that estimate, The information available for making 
monitoring and patahing decisions midy be summarized in terms of the posterior 
distribution of x i  oonditioned on all ob8ervations based on pasf monitoring and 
patching decisions and control. linder the usua! asecmptions, this posterior 
distribution for xi is N(Eii, xli). 
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Let xi denote a threshold set associated with the 10th RPV, that is, xi€ 
x+ is a desirable condition. Let Hi denote the hypothesis that xis xb and Pi 
be the probability that Hi is true. Pi is easil calculated using the available 
information 5n the posterior distribution of xr: 
N(2i , XIi) dxi Pi = 1 - 
4 
Monitoring the i-th RPV results in a tighter distribution for xi around its mean 
ii because it reduces the uncertainty X i 1  assooiated with gi. Patching the i-th 
RPV requires monitoring as well. The effects of patching are: first, to 
correct the error ei whioh might have 'wandered off'  from zero due to 
disturbances, by assuring that E- xb; and second, to provide a tighter 
distribution of xi around its nean xi. 
To formulate and solve the combined monitoring and patching decision 
problem, we shall assume that Ci is the cost if Hi is true. Recall that HA has 
a (subjective) probability Piof bejng true. Just as Hi, Pi, Ci were defined in 
relation to the set x;), let Ri, Pi, be defined in relation to the set i*, the 
complement of x4. We shall use minimum expected cost EC(d#) as the criterion 
for selecting the best monitoring and patching decision d@. 
Lot dij denote a decision to monitor RPV-i and patch RPV-j in the combined 
Since a patch can be done only on a monitoring and patohing deaision problem. 
monitored RPV, there are only 2N+1 available decisions. They are: 
(i) Do nothing deoision dOO, that is, monitor no RPV and patch no RPV.1, 
(ti) N pure monitori.ng (no patching) decisions d 0 ,  j=1,2,*.,N. 
(iii) (1 patching (and monitoring) decisions djj, &1,2, . . ,No 
Let Pijk denote the probability that the hypothesis Hi is true when the 
decision is djk. Because the RPV subsystems are non-interactive, it follows 
that the probabilities associated with RPV-I when some other RPV is monitored 
andlor patched is same as that associated with RPV-1 when no RPV is monitored. 
That i s ,  
piOO Pljk any j&i, i=1,2,..*,N; krj or 0 
Thus, there are only 3N distinct probabilities to be computed 
($1 N probabilities Pi00 associated with do-nothing decision do0 
(ii) N probabilities Pi10 associated with pure monitoring decision diO 
( i i i ) N  probabilities Piii asaociated with patching decision dii 
Let (PP)i denote the probability that the patch decision dii "takes", that is, 
results in xi x+, and let T ~ J  denote the cost o f  implementing decision di . 
The costs Ti will be chosen to be functions o f  m?ssion time to refleot t tt ti 
made larger and/or x* will be shrunk to reflea?, wurgenuyw. 
importancre o 3 E T A .  As miasion. tJme gets closer to ETA for RPV-I, Tij will be 
@ This could correspond to performing some other task such as communication. 
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The combined monitoring and patching decision rnoblem is described i n  terms 
of a decision-tree diagram i n  Figure 5.* The ac,ual cost of a particuler 
ORlGINAL PAGE IS 
OF POOR QUALITY 
Figure 6. Deoision Tree Diagram for Combined Monitoring and Patching 
deoision depends on the, path chosen to  traverse the  tree from level 1 to  level 
5. The exaat path from level 1 t o  level 5 for the N-HPVs are determined both by 
the deQi8iOn maker (the human operator) and by Nature (the random elements in 
the problem) Since a decision ha8 to be made a t  level 1 bef'orc Nature ha8 
- 
. @ FOP reasons aimilar to t h e  one we stated for combining t h e  monitorirrg and 
patohing decision problem, one s igh t  argue that the deoision problem over the 
reat of the nrisaion duration muat be aonsidered by the operator a t  any deciaion 
instant during the  misaion, We shall not do thia becauae: first, the analysis 
for t h i s  caoe i s  no different from the one we preJsnt here - only the 
expressions are messier; and seaond, the aotual amputations of the  decisions 
would become infeasible . 
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t aken  its cour se  a t  the  moni tor ing  l e v e l  3 mrrd a t  the  p a t c h i n g  l e v e l  4 the 
d e c i s i o n  msker can  o n l y  e v a l u a t e  h i s  26+1 a l t e r n a t i v e  d e c i s i o n s  i n  ten.3 of 
their  expected costs. Th i s  ha can do as follows: The expec ted  cost of t h e  
do-nothing d e o l s i a n  do0 is 
EC(dO0) = I  ( C i  Pi00 + Ei pi001 
Expected cost of pure  m o n i t o r h g  d e c i s i o n  d j 0  is 
EC(dj0) = EC(d00'I-(CjPj0o+EjP joo)+ cjPjjo+EjPjjo)+ TJO 
Expected cost of a pa tch ing  d e c i s i o n  "3 IsB 
The optimal d e c i s i o n  da Is t he  one which r e s u l t s  in maximum o p p o r t u n i t y  gain, 
t h a t  is rfi  
d' = are ml.n ( EC(dO0, EC(d,O), EC(dw)  1 
where 
m = are maxj ( I c j P ~ o o + E j P j o o ) -  ( C j P j j o + c j ~ ~ j o ) -  T j o  1 
k = arg mxj ((CjPjoorE,jPjoo)+(CjPjjJ*EjPjjjl-(Pi~ jPj j j ~ C ~ - ~ ~ ) - T j j )  1 
Conslder  a s p e c i a l i z a t i o n  of t h e  above d e c i s i o n  probieiv where the  
p r o b a b i l i t i e s  P i  k are assumed to  be independent  of t h e  d e c i s i o n s  d k ( t h a t  is, 
p r o b a b i l i t i e s  (PP)i:l for each subsys  em RPV. 
do = d j j  
where 
j = arg maxi ( P i  C i )  
This is t h e  r e s u l t  ob ta ined  by C a r b o n e l l ( r e f e r e n c e  12). 
An i m p l i c i t  assumption made I n  t h e  computat ion of expec ted  cost i n  t h e  
combined ~ a o n i t o r l n g  and pa tohing  d e c i s i o n  problem is that t h e  costs are ccinstant  
o v e r  t h e  e n t i r e  ~ 8 ; ~ s  % and x+. T h i s  asaumption is e a s i l y  dropped when 
non-constant coat ?unct ions  are desired, p.6.) 
1 i t h e costs Ei and T i  P i j k  I P i )  are a11 zero, and t h e  pa oh s u c c e s s  Tnen the optlmal d e c i s i o n  I s  
C(ei) s el'  H el  
I n  such  a Case, Pijkcj i n  the above a n a l y s i a  w i l l  be replaced by a n  appropriate 
i n t e g r a l  which would y i e l d  P I j k c i  as a f u n c t i o n  or 3 and x i i  and appears 
amenable for computations. 
@ The n o t a t i o n  erge min* imPfit.8 d':d00 or dmO or dkk depending on which o f  the 
EC(d,o), EC(dkk) is the safi3llf3st. Hers d~ is t h e  best three va lue6  EC(dgf 
moni tor in?  d e c i a i c i  and dkk is t h e  best patching d e c i s i o n .  
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We close  t h i s  appendix, :r i th an example of a piecewise-constant cos t  
Recall from function t h a t  appears meaningful f?r t he  N-RPV system under study. 
appendix A t h a t  the first two components of  xi are: 
x t  = ground speed e r r o r  
x i  =: cross-track error 
(along track) 
One choice f o r  the piecewise-constant cost function is : 
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A MODEL OF HUMAN WENT DETECTION IN MULTIPLE PWCESS MONI'LORINO SITUATIONS' 
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Department of Meahanioal and I n d u s t r i a l  Engineering 
Coordinated Science tabora t  ory 
University of I l l i n o i s  
Urbana, I l l i n o i s  6 1801 
SUMMARY , 
It is proposed t h a t  human decision making i n  many multi- task s i t u a t i o n s  
might be modeled i n  terms of t h e  manner i n  which t h e  human detects events 
related t o  h i s  tasks and the  manner in which he a l l o c a t e s  h i s  a t t en t ion  among 
h i s  tasks once he feels events have occurred. A model of human event  
deteot ion perfornanoe in such a s i t u a t i o n  is presented. An assumption of the  
model is that, i n  attempting t o  de t ec t  events,  t h e  human generates  t h e  
p r o b a b i i i t i e s  that events have occurred. Discriminant ana lys i s  is used t o  
model t h o  human's generation of these probabilities. An experimental study 
of human event  deteotion performanoe in a multiple prooess monitoring 
s i tua t ion  is described and t h e  appl ica t ion  of the  event detect ion model t o  
t h i s  s i t ua t ion  is addressed. The experimental study employed a s i t u a t i o n  i n  
which subJects  simultaneously monitored seve ra l  dynamic proaesses f o r  the 
occurrenoe o f  events and made y e s h o  decis ions on the  presenoe of event8 i n  
eaoh process. Input t o  the  event deteet ion model of t he  information 
displayed to  the experimental sub j e o t s  allows oomparison of t h e  model's 
performance with t h e  performance of  the subjects. 
I ti" RODU CTION 
In many systems, the  human operator spends much of his time monitoring 
subsystems f o r  events which ca l l  f o r  aot ion on h i s  par t .  Airoraf't, power 
statims, and proaess oontrol  p lan ts  are examples of suoh systems. As the  
oomplexity of these systems inoreases ,  the  operator becoaes responsible f o r  
more subsystems of g rea t e r  var ie ty .  There is oonaequently a greater 
probabi l i ty  t ha t  the operator w i l l  enaounter s i t u a t i o n s  i n  which there are 
mom t aska  than he oan aoceptably perform. 
One means of m i n t a i n i n e  t h e  opera tor ' s  workloRd a t  a sa t i s f ao to ry  l eve l  
is the introduction of automation oapable o f  performing some of t h e  
opera tor ' s  tasks, Models o f  the operator 's  t ask  porformanoe would be of use 
@This researoh was supported by the National Aeronautics and Spaoe 
Admirdstmtion under NASA-Ames Grant N90-2119. 
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' in p r e d i c t i n g  the performance g a i n s  t o  be expected f r m  t h e  in t roduct ion  of 
such a i d s .  Fur ther ,  i n  systems i n  which !,he r e r n o n s i b i l i t i e s  for some t a s k s  
are shared by t h e  operator  and a n  automated dec is icn  maker, these Vdels 
might a l s o  be  used wi th in  t h e  system t o  coord ina te  t h e  a c t i o n s  of t h e  two 
dec i s ik  makers. 
Senders [ l ]  and Smallwood [2] have modeled human decis ion making i n  
m u l t i p l e  process monitoring tasks .  Senders pos tu la ted  tha t  t he  human monitor 
samples h i s  d i sp lays  i n  a manner which al lows recons t ruc t ion  of the displayed 
s i g n a l s .  An information t h e o r y  approach is employed to  determine how o f t e n  
and for what dura t ion  the  human must sample each display.  Smallwood proposed 
that  t he  human operator  forms an i n t e r n a l  model o f  the  processes  he is 
monitoring and of the environment r e l e v a n t  t o  h i s  task as a r e s u l t  o f  h i s  
pas t  perceptims of  them. A s i t u a t i c n  is considered i n  which t h e  opera tor  
seeks t o  detect excurs icas  of  instruments beyond threshold  values.  The 
operator is modeled as d i r e c t i n g  h i s  a t t e n t i o n  t o  t h e  instrument  whose 
c u r r e n t  p robabi l i ty  of exceeding threshold  (based on t h e  o p e r a t o r ' s  i n t e r n a l  
model) is  greatest. It might be noted, i n  passing,  t h a t  t h e  i n t e r n a l  model 
cctlcept d iscussed  by Smallwood is perhaps as appropriate t o  - t h e  design of 
automated dec is ion  makers 'as it is t o  modeling t h e  human decis ion maker. If 
t h e  automated decis ion maker is t o  i n t e r a c t  appropr ia te ly  with t h e  human, it 
would seem tha t  i ts  i n t e r n a l  model o f  the r e l e v a n t  envircnment should include 
a model o f  the human. 
Carbonell  [ 3,111 and Senders and Posner [51 have proposed queueing theory 
approaches t o  the  modeling of human decisian making i n  mul t ip le  process  
monitoring t a s k s .  Carbonell  uses  a p r i o r i t y  queueing d i s c i p l i n e .  Be assumes 
that the human operator  attempts t o  minimize t h e  r i s k  involved i n  not  
observing o t h e r  instruments when he chooses t o  monitor a p a r t i c u l a r  
instrument.  Senders and Posner employ a first come first served s e r v i c e  
d i s c i p l i n e .  They suggest  two models which might be used to  estimate t h e  
inter-observat ion i n t e r v a l s  f o r  an instrument  (i.e.,  the time between 
a r r i v a l s  of the instrument t o  t h e  queue of instruments awaiting observat ion 
by the  human monitor).  The first model involves  the  degree of the observer ' s  
u n c e r t a i n t y  about  the  value of the v a r i a b l e  displayed on the  instrument.  The 
second model involves  t h e  probabi l i ty  t h a t  t h e  displayed v a r i a b l e  w i l l  exceed 
a n  acceptable l i m i t .  
The models cited above emphasize the monitoring of d i s p l a y s ,  rather than 
the deois ions  o r  a c t i o n s  that result from the hUMn o p e r a t o r ' s  perception of  
t he  displayed values .  The operator '8 motivatictl f o r  monitoring the d i s p l a y s  
is the p o s s i b i l i t y  that  an eqent  which r e q u i r e s  h i s  a c t i o n  w i l l  occur.  The 
multi- task decisim making problem addressed i n  t h i s  paper  concerns the event 
de tec t ion  and a c t i o n  s e l e c t i o n  d e c i s i c n s  t h e  opera tor  makes on the  bas i s  of 
t h e  information he g a i n s  through monitoring. 
H m n  d e c i s i a  making i n  nuch mult i - task s i t u a t i o n s ,  then,  might be 
modeled i n  terms o f  the manner i n  which t h e  human &teats events  related to 
h i s  tasks and t h e  manner i n  whioh he a l l o c a t e s  h i s  a t t o n t i o n  among h i s  tasks 
once he  feels events have occurred. Gai and Curry E63 have developed a model 
of the human monitor i n  a f a i l u r e  de tec t ion  task.  The model has  two s t a g e s ,  
t h e  first being 8 Kalmn f i l t e r  whioh estimates t h e  s ta tes  and observa t ions  
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of .the monitored process and t h e  second a dec i s i a  mechanism which operates 
on t h e  Kalxmn f i l t e r  r e s i d u a l s  using s e q u e n t i a l  a n a l y s i s  concepts. The model 
can be used t o  describe t h e  human n o n i t o r ' s  d e t e c t i o n  of a d d i t i v e  f a i l u r e s  i n  
s t a t i o n a r y  random processes.  
Sheridan and T u l g a  [71 have modeled t h e  manner > i n  which t h e  human 
operator a l l o c a t e s  h i s  a t t e n t i o n  among v a r i o u s  tasks. They address a 
s i t u a t i m  i n  which events p r e s e n t  themselves unequivocally and we a dynamic 
programming approach t o  determine t h e  a c t i o n  sequence which maximizes t h e  
o p e r a t o r ' s  earnings.  T h i s  a c t i o n  sequence is begun, b u t  can be superceded by 
a lrrw sequence c a l c u l a t e d  i n  response t o  t h e  appearance of a d d i t i o n a l  tasks. 
Rouse [81 has i n v e s t i g a t e d  t h e  i s s u e  of  a l l o c a t i o n  of decisim making 
r e s p o n s i b i l i t y  between a hunan ope ra to r  and a n  automated decisicn maker, He 
p resen t s  a mathematical formulation of t h e  mult i - task decisictl making 
s i t u a t i o n  appropr ia te  t o  t h e  modeling of either decisicn maker. Eased on 
displayed information, t h e  d e c i s i a  nake r  is assumed t o  g e n e r a t e  
p r o b a b i l i t i e s  tha t  events have occurred i n  h i s  tasks. He a l s o  g e n e r a t e s  
d e n s i t y  f u n c t i o n s  which characterize h i s  pe rcep t ions  of what might occur i n  
h i s  tasks while h i s  a t t e n t i o n  is d i v e r t e d  t o  a p a r t i c u l a r  t ask  and how l a g  
h i s  a t t e n t i o n  w i l l  be d i v e r t e d  should h e  decide t o  take a given a c t i o n ,  
Combining estimates of the  p r o b a b i l i t i e s  events  have occurred w i t h  t h e  
d e n s i t y  f u n c t i o n s  o f  time between even t s  i n  t h e  tasks and a c t i o n  times w i t h  
respect t o  the  t a s k s ,  t h e  decisicn maker chooses h i s  a c t i o n s  t o  minimize a n  
appropriate cost c r i t e r i a .  I n  t h i s  paper, we p r e s e n t  a model of the human's 
even t  d e t e c t i o n  performance c o n s i s t e n t  w i th  t h i s  mathematical formulat ion,  
describe a n  experimental  s t u d y  of event  d e t e c t i o n  performance i n  a mul t ip l e  
process monitoring s i t u a t i o n ,  and address t h e  a p p l i c a t i o n  of  the !nodel t o  t h e  
p rocess  monitoring s i t u a t i o n .  
THE EVENT DhTECTION MODEL 
The e v e n t  de t ec t ion  rnodel assumes tha t ,  i n  a t t empt ing  t o  detect even t s ,  
t he  human generates t h e  p r o b a b i l i t i e s  t ha t  events  have occurred. A 
d i sc r iminan t  a n a l y s i s  approach 19,101 is used  t o  model the humanis gene ra t ion  
of these p r o b a b i l i t i e s .  Our use  of d i sc r iminan t  a n a l y s i s  t o  model t h e  
human's gene ra t ion  of  event  p r o b a b i l i t i e s  is motivated by the  fact  t h a t  t h i s  
approach does not r equ i r e  e x p l i c i t  models of t h e  systems t h e  human is 
monitoring. An understanding o f  t h e  systems is c e r t a i n l y  h e l p f u l  i n  
determining t h e  f e a t u r e s  t o  e x t r a c t  from t h e  observat ions.  But e x p l i c i t  
models o f  the systems' s t r u c t u r e s  a r e  n o t  r equ i r ed .  
For each task i, various f e a t u r e s  xiip j = 1 , 2 ,  ..., mi, are e x t r a c t e d  frun 
t h e  human's task related obse rva t ions  zi; These features are p r o p e r t i e s  of 
the  obse rva t ions  that  o h a r a c t e r i z e  (o r  are believed t o  characterize) t h e  
presence or  absence of events  r e l a t e d  t o  t h e  task. Following t h e  e x t r a c t i o n  
of a set o f  f e a t u r e s ,  t h e  value of a l i n e a r  d i sc r iminan t  func t ion  
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is c a l c u l a t e d .  Based on previous experience with t h e  t a s k ,  estimates are 
made of  t h e  d i s c r i m i m n t  func t ion  c o e f f i c i e n t s  vi j ,  j= l , 2 ,  . . , m i ,  with which 
to  combine t h e  f e a t u r e  values xi j  to  o b t a i n  the d iscr iminant  funct ion s c o r e  
Y i  tha$ best d i f f e r e n t i a t e s  observa t icns  of events  fran the  rest of the t a sk  
related observat ions.  Estimates of the mean and  v a r i a n c e  of the discr imil lant  
h n c t i o n  o v e r  observat ions of events  and o v e r  t h e  rest o f  the  observa t ions  
are a l s o  formed. The a p9ter ior . i  p r o b a b i l i t y  tha t  a n  e v e n t  has occurred is 
generated us ing  t h e  value of the d iscr iminant  funct ion score, the  estimates 
of the means ana var iances  of this score  over  events  and nnon-events68, and a n  
estiaate of the a p r i o r i  probabi l i ty  of the event. 
If the human operator is f o r c e d  to  make a yes/no response on t h e  
presenoe of an event,  we might  assume that he chooses t h e  response which 
maximizes h i s  expected reward. We can then express h i s  decisicxl i n  a s i g n a l  
detection. manner and s ta te  that he should respond "yes, a n  event  related to  
t a sk  i has occurred" i f  tine following i n e q u a l i t y  holds:  
.- 
P(ei/Yi) i s  the a pasteriari probabi l i ty  tha t  an  event  related to  task i has 
occurred. The value of t h i s  probabi l i ty  is generated by t h e  event de tec t ion  
mo del.  is t h e  value of correctly responding %o eventn (a correct 
r e j e c t i a  C F ~  is t h e  cost of i n c o r r e c t l y  responding tleventll (a  false 
alarm), VH is the value of c o r r e c t l y  responding lleventw (a h i t ) ,  and CM is 
the  cost of i n c o r r e c t l y  responding Itno event" (a miss). 
It is predicted, then,  tha t  i f  the opera tor  is forced t o  make a yes/no 
decisicn on the  presence of a task related event ,  he c a l c u l a t e s  the 
l i k e l i h o o d  ratio of the event ( t h e  l e f t  hand s ide  of  Eq. ( 2 ) ) .  He compares 
t h e  magnitude of t h e  l i k e l i h o o d  r a t io  w i t h  a threshold determined by the 
values  of correct responses and t h e  costs of  i n c o r r e c t  responses ( the  r igh t  
hand $146 of Eq, (2) ) .  He responds W e n t "  i f  t h e  l ikel ihood r a t io  exceeds 
the  threshold .  
THE EVENT DETECTION EXPERIMENT 
An experiment has been run employing a s i t u a t i o n  i n  whioh s u b j e c t s  
simultaneously monitor s e v e r a l  dynamic processes f o r  the  occurrence of events  
and make yesha  d e c i s i c n s  on t h e  presence of events  i n  each process .  Figure 
1 i l l u a t m t e s  the d i s p l a y  observed by the subjects i n  t h e  experiment. The 
s ta t ic  d isp lay  was mmrated on a Tektronix 4010 by a time-shared DEC-System 
10 and d e p i a t s  the measured values of t!e outputs  of nine  processes over  100 
sampling i n t e r v a l s  (i.e. 101 poin ts ) .  The processes had i d e n t i c a l  seoond 
order  system dynamics wi th  a n a t u r a l  frequency of' 0.75 rad/sec and a damping 
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Figure  1 .  T h e  W l t i p l e  Process Iqonitoring S i t u a t i o n  
r a t i o  of 0.5. The inpu t s  t o  t h e  
processes were zem-mean Gaussian w h i t e  no i se  sequences of i d e n t i c a l  
variance.  The displayed measurements were obtained by corrupt. ing t h e  process 
outputs  w i t h  a d d i t i v e  zero-mean Gaussian w h i t e  n o i s e  sequences which normally 
had i d e n t i c a l  var iance.  The measurement n o i s e  va r i ance  was normally selected 
t o  y i e l d  measurements with s ignal- to-noise  ra t ios  o f  25.0. An abnormal even t  
in a process w a s  def ined by an i n c r e a s e  i n  the measurement n o i s e  va r i ance  
such t h a t  t h e  signal-to-noise ra t io  fol lowing a n  even t  occurrence was 
decreased to 95% of t h o  signal- to-noise  r a t io  of the  preceding measurement, 
Thus, abnormal events  became more pronounced with each  measurement fo l lowing  
t h e i r  occurrence. 
Samples were taken a t  0.2 second i n t e r v a l s .  
After scanning t h e  nine p rocess  h i s t o r i e s ,  t he  s u b j e c t  w a s  q iven a n  
opportuni ty  t o  key i n  t h e  numbers of processes i n  which he  had decided a n  
abnormal e v e n t  had oocurred. He was then given feedback rega rd ing  the  a c t u a l  
states of the processes he h a d  keyed i n  O 1 1 I 1  i n d i c a t i n g  t h e  normal state,  “OIi 
i n d i c a t i n g  t h e  abnormal s t a t e ) .  An i t e r a t i o n  i n  a t r i a l  was completed by 
e r a s i n g  t h e  d i sp lay ,  s c o r i n g  t h e  subject’s parformance, and r e t u r n i n g  a l l  
abnormal processes detected by t h e  s u b j e c t  t o  t h e  normal s t a t e .  Another 
i t e r a t i o n  was then begun by gene ra t ing  a new d i s p l a y  d e p i c t i n g  t h e  p rocess  
h i s t o r i e s  advanced 10 sampling i n t e r v a l s  i n  time as i l l u s t r a t e d  by Figure 2 .  
(The dashed v e r t i o a l  l i n e s  i n d i c a t e d  t o  t h e  sub,iect t h e  p o i n t  a t  which he 
l a s t  responded t o  each process. 1 
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F igure  2 .  An Updated Display 
The  subjec t  was allowed t o  respond to  as many events  as he thou@ had 
oocurred. tie was awarded poin ts  f o r  h i s  h i t s ,  r e c e i v i n g  high scores for 
responding t o  events  soon after their  occurrenae and lower scores for tardier 
responses,  A fixed number of poin ts  w a s  deducted for each false alarm. The 
s u b j e c t  w a s  allowed t o  s tudy the diSDlayS as long as he wished, b u t  any tlme 
taken beyond t h e  first minute on each i t e r a t i o n  reduced the  s c o r e  awarded for 
h i t s  made on t h a t  i t e r a t i o n .  
Eight s u b j e c t s  were qiven t h r e e  trials spaced o v e r  s e v e r a l  days. Each 
t r i a l  was 20 i t e r a t i o n s  long. The first and t h i r d  t r ia ls  Riven half  the 
s u b j e c t s  wem i d e n t i c a l ,  wi th  one #.vent  scheduled t o  occur per i t e r a t i o n .  
Their  second t r i a l  scheduled t h e  same events  as t h e  first and t h i r d  trials, 
but  also scheduled a n  a d d i t i o n a l  event  accrirrence each i t e r a t i o n ,  The rest 
of the s u b j e c t s  were given t h e  name t r i a l s  in d i f f e r e n t  order  so t h a t  two 
events were scheduled t o  occur por i t e r a t i o n  i n  t h e  first and t h i r d  trials 
while on0 oacurrence per i t e r a t i o n  was scheduled i n  the  second tr ial .  (Not 
a l l  scheduled events  a c t u a l l y  occurred. If an event  w a s  aoheduled t o  a m u r  
i n  a prooess  i n  which a previous event  had not  yet been detected by t he  
s u b j e c t ,  t h e  scheduled event  was deleted frcm t h e  t r ia l . )  Events were 
scheduled t o  occur uniformly over  the  nine processes and o v e r  t h e  10 new 
points  displayed for each process  on each i t e r a t i o n  ( the  las t  10 p o i n t s  on 
the first i t e r a t i o n ,  i n  which a l l  101 poin ts  were new) w i t h i n  t h e  c o n s t r a i n t  
that no two events could occur i n  a process w i t h i n  30 sampling i n t e r v a l s  of 
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each other, 
Before esch t r i a l ,  the subject w a s  to13 the average mmber of new events 
he could e q m t  to  occur per iteration. He was not  given any inforoiatiar 
regarding tke dynamics of the  procesrjes, b u t  w a s  told that he could exr,ect 
t h e  processb to  e x h i b i t  similar characteristics when operating normally. He 
waa also not told what parameter changes defined events, b u t  w a s  told that 
a l l  events would generally exhibit similar characteristics, and a l l  would 
become more pronounced as time passed. The subject was given i s ~ v s r a l  
iterations of t r a i n i n g  beTore each t r i a l  during which solid vertical  3.ines 
were included on the process histories to  mark exactly when and where events 
had occurred. 
During each t r i a l ,  the subject w a s  asked t o  keep a log in which he 
described h i s  strategies for event detection and noted characteristlcs of the 
process measurements he used i n  h i s  attempts to  detect events. After each 
trial, he was asked t o  ordes these characteristics i n  terms of their  
usefblness in event detection, 
APPLICATION OF THE MODEL TO THE EXPERIMENTAL SITUATION 
The event deteation model suggeets that the human operator i n  the 
experimental situation j u s t  described extracts various features from his 
observations of the process measurementm. He attempts to  select features 
whioh charaoterize the presence or absence of task related events. Through 
h i s  exparience with t h e  processos, the operator has formed estimates o f  the 
d iscr imi tan t  function ooeffioients with which t o  combine the features to  
obtain a discrimitant funotion score. He has also formed estimates of the 
means and variances of t h i s  score over obaervatims of events and over the 
rest of h i s  observations. The operator generates the likelihood ra t io  that 
an event has occurred based on the value o f  the discriminant funotion score. 
h i s  estimates of the means and variances of the more, and his estimabe of 
the a priori probability of an event occurrence, He aompares the likelihood 
ra t io  with a threshold t h a t  i s  based solely on the values o f  aorreat 
responses and the costa of' incorrect responses and responds "event81 if the 
likelihood ra t io  exceeds the thmshold, 
Four features of the proces8 measurements were seleoted for use wi th  the 
event deteotion model. Selection o f  these features was guided by the 
comments of the experimental subjects regarding the Characteristics of the 
procesa measurements t h e y  found useful in event detection. The first feature 
involves the magnitude changes between succassive measurements i n  a seouence 
of the m a t  recent measurements. The second feature involves the gresenoe of 
reversals In direction i n  t h i s  sequence (changes f r a  .osi t ivc slope t o  
negative, or vice versa, of the line segments connecting the measurements of 
the  sequence). The t h i r d  feature tes ts  for the S i m U l t r ? n e W ~  awurenoe of 
large magnitude changes and reversals. The faurth feature, l ike t h e  first, 
is a measure of magnitude ohangea, but  it is much more local i n  that It 
669 
involves only the four most mcent measurements of the process output, 
In extracting these Features fran the ormess meaaurements, the vk'.it?:3 
of the features over recent measurements are weighted more heavily than 3 1 ~  
values over earlier measurements. The weight decrease8 exponentially w .. ch 
the age of the measurement and the rate of this decrease is (L fme parameter. 
The value of the first f e a t u r e ,  for example, a measure of the mW!.tudrj 
changes between successive measurements in a sequence of the n most recent 
measuremunta of a processt output, is .given by 
there d k )  is the k t h  measurement in the sequoncq z(n)  is the most maent 
Gsurement, and B is the free parameter governinq the relative weighting of 
the ieature's value over recent and earlier measurements i n  the sequence. 
I n  the generation o f  the l ikel ihood ratio of an event in a process at a 
given iteration of an experimental t r ia l ,  the sequence o f  prooess 
measurements over which the features are Qalculated ends with the last 
measurement dialplayed for the process on that iteratiar, The cutoff length 
used i n  extracting t h o  features from the process is a free parameter. Values 
o f  tho features over prooess measurements taken earlier than t h e  cutoff are 
not calculated (or, effectively, am assigned zero weight). X f  the subject 
responded 91event9* t o  the process a t  some p o i n t  followinp the outoft, then 
features 81'8 cabulated over only those measurarnentrr owurring after t h i s  
response. The information on the atate of the process that the subject gain8 
when he responds to the prcrcess motivates t h i s  constraint, If" t h e  procreaa Is 
i n  the normal state, than on sucoeeding iterations the subjeat knows that i f  
an event has o a u r r s d .  it must have crcaurred following h i s  l a s t  msponss, I t  
the proaess i s  i n  the abnormal state, then the. procaals is reset t o  normal 
when t h e  subject keys in h i s  msponse. On succeeding i teratima the aubject 
knows that If another event has aceurred i n  the prooe8s, it must have 
oocurred follow&n$ h i s  l a s t  response, Xn either oase, the aubdaot (and the 
model) should  calmlate features only over meaaursaents ocuurring after the 
subJect'k laat twponae. 
The estimation of discriminant funotlen coafficisnta rsqui.ms 8 
reprssentatlan of normal and abnormal prooesa maauremsnta Thi8 
repmaentation was formed using the process histories; displayed to  the 
subjeat on h i s  t h i r d  expcrimntal t r ia l .  The ~rooe81 histories ar t  aepwated 
i n t o  two groups of  sequenoss - normal and abnormal, Sequenloss o f  
measuremclnts be&innlng when a process w(w returned t o  the normal state end 
ending when an event aocurred are defined t o  be normal. Sequence8 o f  
masurementi8 boginning when an event occurred and ending when the process uaa 
r s t u m d  to  the normal state am defined t o  be abnormal, The value8 of  the 
four features were caloulated over t h e  entire length OP eroh of' Wla adqrranors 
i n  the two groups. A disorimlnant ancrlyais WBLI then performed on the 
resulting two &roup8 o f  Peatura valucrr to detsmfne the diaoriainnt funotim 
coaff&oisnts v js1 ,2 , .  ..,ut, w i t h  whioh to  roaabins the Ceaturss to  best 
differentiate &tween the two goups. The mean value and the variance o f  #e 
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r e s u l t i n g  d i s a r i m i m n t  funct ion score6 f o r  t h e  sequences i n  each o f  t h e  two 
group8 wa8 also o a i c u h t e d ,  
The final requirements for a p p l i c a t i o n  of the event  d e t e c t i o n  model t o  
t h e  experimental  s i t u a t i o n  are estimate8 of the a pr ior i  p r o b a b i l i t i e s  o f  
event  uccurrences and t h e  s e l e c t i o n  of' o threshold a g a i n s t  whioh l ike l ihood 
ratios af events  can be cornparod. For experimental  t r ials In whioh one event  
WBS soheduled t o  o w u r  per  update  of the d i s p l a y  o v e r  t h e  nine prooesses 
monitored by t h e  s u b j e c t  t h e  a p r i o r i  p robabi l i ty  of an e v e n t  occurrence i n  
eaoh process WBJ fixed at  1/9. For t r i a l s  in whioh two events  were soheduled 
to OOQUP per d i s p l a y  update, t h e  a p r i o r i  p r o b a b i l i t y  was fixed a t  2/9. The 
threshold against whioh the  likdlihood r a t i o s  of events are compared I s  
assumed to remain cons tan t  through an experimental  t r i a l .  The magnitude of 
t h i s  conatan t  is a free parameter. 
RESULTS 
Figure 3 canpares t h e  event deteot ion porformance of t. e model w i t h  the 
a c t u a l  performance of each of the eight subJeots in t h o  t h i r d  t r i a l  of t h e  
expefivlant. I n  t h i s  t r i a l ,  20 events  were scheduled to  occur  I n  t h e  t r i a l s  
given oubgeota A,B,C, and D ,  while 40 event8 were aoheduled to  o a u r  In t h e  
tpials given subjects E,!?,O, and H. Jn applying t h e  modal t o  each of t h e m  
t r ia l s ,  t h e  number uf maasurements over which f e a t u r e s  were e x t r a c t e d  ( o u t o f f  
Ymrs 3.  Caaparlson of Modal wfth SubJ%ots on Third Trial 
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l e n g t h )  and t h e  r e l a t i v e  weighting of  r e c e n t  and older poin ts  ( f l )  were 
a d j u s t e d  t o  improve t h e  f i t  of the model's performance t o  each a u b j e o t ' s  
parformanoe. The value of the th re sho ld  a g a i n s t  which l ikel ihood ratios of 
events were compared was also a d j u s t e d  to  improve the f i t .  Figure 3 r e v e a l s  
a high degree of correspondence between t h e  model's performanae and t h e  
performance of  most s u b j e o t s  . 
18- 
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Figure 4 canpares the event detection performance of the  model with t h e  
a c t u a l  performance of the  eight s u b j e c t s  i n  the second t r i a l  of the 
experiment. I n  t h i s  t r i a l ,  40 evonts  were scheduled to  occur i n  t h e  t r i a l s  
given s u b j e o t s  A,B,C, and D, while 20 events  were soheduled to  oaur I n  t h e  
trials g iven  subjects &,F,O, and H. I n  applying t h e  model t o  w o h  o f  these 
tr ials,  n a e  of the parameters of the model were c h a n p d  from t h e  s e t t i n g s  
wed to  o b t a i n  the results presented i n  F igure  3 .  Despite t h e  fact t h a t  t h e  
numbers of events  scheduled i n  these t r ia ls  d i f fe r  fram those i n  t h e  t r i a l a  
wed t o  assfgn the values of t h e  parameters, the correapondence between t h e  
mdel's performance and t h e  performance of moat s u b j e c t s  is masonable. 
Table 1 ampares the man detaction tiws ( i n  terms of the  number of 
ssnepling i n t e r v a l s  which elapsed Proln t he  o a c u ~ r a n c e  of' an event  to the tima 
of its d s t e c t i o n )  for h i t a  common t o  both s u b j e c t  and model In t h e  t r i a l s  
praaented i n  Pisurea 3 and 4. T t  should be noted tha t  tho fact that  t h e  man 
d e t r o t i o n  times o f  the model are oonais t rmtly saraller than those of t h e  
aubJeota i s  an rrtifcrat of the manner i n  whiah the mdslbs perforntanoe WBJ 
l n v w t i g a t e d .  The model wma tested on t h e  prooesn hiatorlets displayed to  a 
subjeot i n  h i s  a r p e r i m n t a l  t r i a l .  I n  thesr tAal8,  a prsceaa wm re turned  
CO t h e  normal state a t  the point at uhiah the s u b j e c t  de teo ted  a n  event  i n  
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t h e  process. Thus, i n  _soing o v e r  t h e  p rocess  h i s t o r i e s  t h e  model can  neve r  
respond to  an  e v e n t  later t h a n  t h e  s u b j e c t  responded t o  it. If t h e  model 
f a i l s  t o  respond to a n  e v e n t  by t h e  time of the s u b j e c t ' s  response ,  t he  model 
is scored  as havipg missed' ' that  e v e n t .  
Table  1 .  - Comparison of Mean De tec t ion  Times 
ke p l a n  t o  e v a l u a t e  t h e  node l  in t h e  n e a r  f u t u r e  u s i n g  a somewhat 
d i f f e r e n t  approach. Hather  than  running  t h e  mdel o v e r  t h e  process h i s t o r i e s  
d i sp layed  t o  a s u b j e c t  on a n  earlier expe r imen ta l  t r i a l  (and c o n s t r a i n i n g  t h e  
t iming  of t h e  model's responses  by the t iming  of t h e  s u b j e c t ' s  r e sponses  i n  
that  t r i a l ) ,  we w i l l  u s e  t h e  model in place of t h e  s u b j e c t  i n  t h e  even t  
d e t e c t i o n  experiment .  Processes i n  which even t s  occur  w i l l  t hen  remain in 
the abnormal s ta te  u n t i l  t h e  mobea, responds t o  t h e  process The only  
c o n s t r a i n t  on t h e  model 's  d e t e c t i o n  tims w i l l  be the end of t h e  expe r imen ta l  
t r ia l .  Because t h e  model's d e t e c t i o n  time f o r  each  even t  need no l o n g e r  be 
less  than  o r  equa l  t o  t h e  s u b j e c t ' s  d e t e c t i o n  time f o r  t h a t  e v e n t ,  we e x p e c t  
that ,  for  a g iven  number of h i t s ,  t h e  model's threshold can be raised t o  
achieve  t h e  l o n g e r  mean d e t e c t i o n  times and smaller numbers of false alarms 
characteristic of the s u b j e c t s  in t h e  experiment. 
CONCLUDING REMARKS 
I n  app ly ing  the  e v e n t  d e t e c t i o n  model to  t h e  expe r imen ta l  s i t u a t i o n  
described i n  t h i s  paper, we s t u d i e d  a s i t u a t i o n  i n  which t h e  s u b j e c t  was 
forced t o  respond yes  o r  no t o  t h e  p a q s i b i l i t y  of an e v e n t  related to each of 
nine processes. I n  g e n e r a l ,  the human ope ra to r  is not f o r c e d  t o  make such 
y e s h o  dccisicns with respect t o  each of h i s  tasks. I n s t e a d  he uses his 
e s t i m a t e s  of the p r o b a b i l i t i e s  of task-related e v e n t s  (which t h o  e v e n t  
detection model g e n e r a t e s )  i n  dec id ing  how to  a l l o c a t e  h i s  a t t e n t i o n  among 
h i s  tasks, Be p lan  t o  run  an  experiment  i n v e s t i g a t i n g  t h e  human's a t t e n t i o n  
a l l o a a t i o n  performance i n  a m u l t i p l e  p r o c e s s  moni tor ing  s i t u a t i o n  similar t o  
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PILOT DECISION MAKING 
IN A COMPUTER-AIDED FLIGHT MANAGEMENT SITUATION* 
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SUMMARY 
. An experimental representation of a computer-aided multi-task flight 
management situation has been developed. A computer aiding program was 
implemented to serve as a back-up decision maker. An experiment was 
conducted 'with a balanced design of several subject runs for different 
workload levels. This was achieved using three levels of subsystem event 
I arrival rates, three levels of control task involvement, and three levels of 
availability of computer aiding, Experimental results compared quite 
favorably with those from a computer simulation which employed a 
(M/Ek/2):(PRP/K/K) queueing model. It was shown that the aiding had enhanced 
system performance as well as subjective ratings, and that the adaptive 
aiding policy further reduced subsystem delay, 
INTRODUCTION 
As aircraft become more complicated and greater demands and better 
performance are being required of pilot, the development of automated 
airborne systems to share the tasks of piloting an airplane becomes 
increasing attractive. Advances in electronics and computer technology have 
made this approach both feasible and promising, Progress in sophisticated 
cockpit design and growth in av4-d.c computer systems reflect the trend, 
Equiped with autopilot and airborne computers performing automatic 
navigation, guidance, energy calculations, flight planning, information 
management, etc., the next-generation of aircraft are quite likely to be 
capable of carrying out all phase of flight automatically. However, the 
human pilot is like]-y to reamin a part of the system to cope with unpredicted 
or failure situations for which automation may be economically or politically 
infeasible. The pilot's roll then is changing from one of controller to one 
of supervisor and manager, responsible for monitoring, planning and decision 
making 
* This researoh was supported by the National Aeronautics and Space 
Administration under NASA-Ames Grant NSG-2119. 
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The pilot as the airborne system manager has responsibility to monitor 
the aircraft subsystems such as navigation, guidance, etc. as well as the 
autopilot and to detect possible hardware failures and potential hazards. He 
must constantly respond to action-evoking events such as: to communicate 
information, to change aircraft configuration and to reduce 4-D accuracy 
errors. He is also required to respond to unexpected events such as a change 
in flight plan, to establish the backup mode, and to declare emergencies, 
etc. 113. The pilot is in a multi-task situation. 
If the pilot perceives an irregularity in one of the subsystems, he may 
seek more detailed information through either the on-board information system 
or actual sensdr readings. Or, if he considers the irregularity to be minor, 
he may decide to continue his monitoring for higher priority events. There 
may also be autopilot malfunctions or sudden changes requiring the pilot to 
take charge of flight control. A proper representation of information 
through a flight map display indicating the continuous functioning of 
automatic control may help to ensure his remaining alert and responding 
quickly 
As described above, the automated system can normally take charge of the 
whole system except during critical situations such as when the system is 
suffering from a malfunction. Or a high-workload situation may develop when 
the aircraft is close to the ground when a high level of pilot activity is 
requiFed. In all of these situations, the pilot is more than usually busy 
and further assistance of a computer would be most useful. 
The recent development of fast and intelligent computer systems presents 
the potential for providing sound, well-evaluated airborne decisions which 
could reduce system risk, pilot workload and errors. While the computer as a 
decision maker is basically an implemented set of algorithms, adaptation and 
learning is possible, It is reasonable to expect that this evolving 
nintelligentn computer may be employed as the supervisor to the subsystem 
computers, taking charge of the tasks within its decision oapability. The 
pilot and the computer thus have comparable abilities and overlapping 
responsibilities in performing these tasks, The problem that arises is how 
to allooate responsibility between the pilot and the computer for a subset of 
all tasks. 
We have proposed that responsibilities not be strictly assigned to eaah 
decision maker. Instead, alloaation should adapt to the state of the 
aircraft and the state of the pilot (21. Further, to retain a coherent role, 
the pilot should be given overall responsibility for the whole aircraft while 
the computer would enable the pilot to avoid having to continually exercise 
all of these responsibilities. On one hand, it may not be appropriate for 
the computer to make the vital, final judgement where losses, may extend 
beyond the point of recovery. On the other hand, there may be. vigilance 
problems and the pilot's performance may degrade. This leads to the idea of 
utilizing the computer as a backup for the pilot. The allocation problem 
becomes one of deoiding when the computer should request and relidquish 
responsibility, 
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Given these descriptions, we w i l l  explore several issues concerned w i t h  
p i lo t  decision making i n  computer-aided f l i g h t  management si tuations.  Is 
system performance enhanced by,computer aiding? How effective are  different  
aiding policies? How does the p i lo t  fee l  about aiding? Is h i s  role or  
performance affected? To investigate the feas ib i l i ty  of t h e  approach, and t o  
predict the e f fec ts  of numerous system variables and aiding policies,  a 
queueing formulation of multi-task decision making was developed and w i l l  be 
discussed i n  the next section. 
APPROACH 
N- The p i lo t  i n  the automated f l i g h t  management system described earlier 
has a variety of  tasks t o  perform. As t h e  number and variety of tasks 
'increases, t he  workload of the p i lo t  is increased. It is essential  t o  
appropriately allocate h i s  at tention and ef for t  among the tasks .  He may be 
i n  a si tuation that he wants both to monitor the tasks often enough.to reduce 
growing uncertainty and r i s k ,  e - j  to  perform a task quickly and accurately t o  
lessen the cost involved i n  the delay of  action. Th i s  issue is being 
investigated by Greenstein and Rouse [3]. To s i m p l i f y  the issue,  the p i l o t  
is assumed to  employ a quasi-optimal decision making strategy for scanning 
displays and allocating attention. T h i s  is based on the assumptions that  t h e  
tasks are independent and that  events unequivocally present themselves. The 
p i lo t  scans t h e  task display i n  order of decreasing pr ior i ty  a t  a given rate .  
He then performs the  first task for which he perceives some action-evoking 
events. The computer is assumed to  adapt the same strategy ei ther  by being 
hard-wired or learning from the pi lot .  Now we may look a t  the multi-task 
decision making as a queueing system with two servers ( the p i lo t  and the 
computer) and K+l classes of customers (K subsystem events p l u s  control 
events represented by displayed 4-D errors  i n  manual control mode). 
In  the queueing model, each server is characterized by his observation 
of system s t a t e ,  h i s  perceptions of event occurrences, of  event a r r iva l  ra tes  
and of event service rates .  Combining the above information and t h e  system 
cost cr i te ion allows the model t o  predict system performance measures such as 
event delay s t a t i s t i c s  and server occupancy which is fraction of time t h e  
server is busy. 
A convenient cost c r i te r ion ,  i n  terms of a stationary expected cost 
structure,  includes waiting cost ,  service cost ,  and switching cost. When the 
computer service cost and switching cost may be negligible, the optimal 
policy is to have the computer on a l l  the time. However, i t  is more l ikely 
that  the human w i l l  be better a t  performing t h e  task b u t  not have suff ic ient  
time t o  do a l l  the tasks, Also evidence of vigilance and warm-up decrements 
suggests that  there is an acceptable workload range that  sustains performance 
on long tasks. Thus we may want t o  seek a policy for computer a i d i n g  such 
that a m i n i m u m  waiting cost i s  achieved while maintaining a specified 
workload level.  
Based on resu l t s  from l i te ra ture  [41, we w i l l  advocate the use of t h e  
stationary expected cost polloy, subject t o  minimizing deviation from 
acceptable p i l o t  workload, for computer on-off of the following form: turn 
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t h e  computer on a t  a r r i v a l  epochs when N = c n + c2n2 + ... + cKnK > M ,  and 1 1  t u rn  i t  off when N < m ,  where c l ,  ..., cK are cos t  rates assessed 
according t o  r e l a t i v e  p r i o r i t i e s  and i2 ' is  the number o f  events  wai t ing i n  
the  subsystem k. Th i s  pol icy (i.e., ft and m) should vary as the system 
var iab les  vary. Specific values of M and m have t o  be determined f o r  var ious  
l e v e l s  of traffic demand (i.e.,  event a r r i v a l  rates), server  performance and 
t a sk  complexity (i.e.,  se rv ice  rates and p r o b a b i l i t i e s  o f  errors). An 
appropriate  approach to  implement the  adapt ive pol icy is to  set up a table Of 
s t a t iona ry  cont ro l  p o l i c i e s  beforehand and t o  employ 'a table look-up along 
with on-borad estimation of system var iab les .  
To obta in  the optimal s t a t iona ry  pol icy,  i.e., t o  determine the va lues  
of  M and m, a computer simulation was performed. Poison a r r i v a l s  and Erlang 
serv ice  time d i s t r i b u t i o n s  f o r  subsystem were assumed. The K subsystem tasks 
were preempted by t h e  cont ro l  task whenever it occurred. The system was 
represented as a preemptive resume p r i o r i t y  queueing system.: 
(M/Ek/2) : (PRP/K/K) with implemented threshold cont ro l  
A simple case was considered i n  which the model parameters were 
determined i n  the  following manner. 1 )  Subsystem a r r i v a l  rates, se rv ice  
rates, and waiting cos t  rates were a l l  uniform among the  subsystems. 2) Two 
l e v e l s  of  arrival rates were assumed, i.e., low a r r i v a l  ( a t  0.0167 events  per 
second) and high a r r i v a l  (a t  0.0333 events  per second). 3) P i l o t  performance 
i n  terms o f  se rv ice  rates, serv ice  e r r o r s  and cont ro l  s e rv i ces  were obtained 
from the experiment discussed i n  the  next sec t ion .  4) The computer a id ing  
employed the  same serv ice  rates as the  p i l o t  and automatically went o f f  when 
no event needed serv ice  (i.e., m=O).  The r e s u l t s  based on the  computer 
simulation o f  10,000 events  f o r  K=6 and server  occupancy for p i l o t  of = 0.7 
showed t h a t ,  without cont ro l  t a s k ,  M=7 f o r  low a r r i v a l  and 3 f o r  high 
a r r i v a l ;  with cont ro l  task, Mr3 f o r  low and 1 f o r  high a r r i v a l .  If workload 
is the  primary considerat ion,  these are threshold values  which t h e  computer 
should employ t o  adapt t o  both t h e  subsystem a r r i v a l  rate and the oont ro l  
task involvement. 
Prediotion of system performanae by the  model was a l s o  obtained through 
The results w i l l  be discussed i n  t h e  later sec t ion .  t h e  computer simulation. 
THE EXPERIMENT 
Two experiments are t o  be discussed here. A brief review is given of an 
experiment previously reported by Walden and Rouse [5]  i nves t iga t ing  p i l o t  
decis ion making i n  an unaided s i tua t ion .  The second experiment, considering 
the  computer a id ing  and au top i lo t  malfunction s i t u a t i o n s ,  employs basically 
an outgrowth of the  experimental representa t ion  used i n  t h e  previous 
experiment . 
The experimental s i t u a t i o n  developed earlier 161 used a PDP-11 driven 
CELT graphic  system to  represent  a cockpi t - l ike d isp lay  t o  an experimental 
subject .  The display shown i n  Figure 1 included standard aircraft 
instruments such as a r t i f i c i a l  horizon, altimeter, heading and airspeed 
indica tors .  Also displayed was a f l i g h t  map which ind iaa ted  the  a i rp l ane ' s  
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p o s i t i o n  r e l a t i v e  t o  the  course to  be followed. A small circle w v e d  along 
t h e  mapped 2ourse i n d i c a t i n g  the  p o s i t i o n  t h e  aircraft  should havc for i t  t o  
be on shcedule. 
00 S 6 4  
HEADING ALTITUDE 
HYDR CTMP 
Figure 1. The Flight; Managemeill; Situation. 
I n  t he  manual c o n t r o l  mode, t h e  p i l o t  c o n t r o l l e d  the  p i t c h  and r o l l  of 
Boeing 707 aircraf t  dynamics with a j o y s t i c k .  Another c o n t r o l  s t ick  
c o n t r o l l e d  t h e  airspeed. The p i l o t ' s  c o n t r o l  task was t o  f l y  t he  a i r p l a n e  
along t h e  mapped r o u t e  while maintaining a f ixed a l t i t u d e  and stable p i t c h  
and ro l l  attS,tude.  
Below the map were t h e  subsystem d i a l s  t h a t  repreaented t h e  numerous 
aircraft subsystems which t h e  p i l o t  monitored f o r  p o s s i b l e  action-evoking 
events .  Upon d e t e c t i n g  an event  ( represented  by t h e  p o i n t e r  po in t ing  
downward as shown f o r  t h e  engine subsystem i n  Figure 1) t o  which he wished t o  
respond, t h e  subject selected t h a t  subsystem v i a  a 4x3 kevboard, The d i s p l a y  
shown i n  Figure 2 then appeared, T h i s  represented t h e  first l e v e l  of a check 
l i s t - l ike  tree a s s o c i a t e d  with t h e  subsystem of i n t e r e s t .  He then searched 
f o r  a branch labeled with a zero and s e l e t e d  t h e  branch with h i s  keyboard, 
After completing t h e  last l e v e l  of t h e  tree, t h e  action was completed and the  
d i s p l a y  shown i n  Figure 1 re turned ,  w i t h  t h e  subsystem information or 
d iagnos t ic  check complete, 
Using the experimental  s i t u a t i o n ,  an experiment was performed by Walden 
[SI t o  s tudy unaided p i l o t  dec is ion  making strategies and t h e  r e s u l t i n g  
performance, The two independent v a r i a b l e s  i n  t h e  experiment were t h e  
i n t e r - a r r i v a l  time of subsystem events  and the d i f f i c u l t y  of the  f l i g h t  path.  
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The results showed that, while average waiting time increased with subsystem 
event arrival rate,  the average service time appeared t o  be independent of  
subsystem arrival rate. The waiting time was also shown to increase as the 
control task was added. This effect  was only a function of the mere presence 
of the control task, rather than the  control task difficulty.  Incorrect 
actions i n  servicing subsystems tended to increase with subsystem arrival. 
ra te ,  b u t  showed no consistent variation with control task difficulty. False 
alarms, however, tended to  occur more frequently w i t h  the easier control task 
and lower subsystem arrival rate. Th i s  presented evidence of performance 
degradathn under  low mrklosd si tmit ion&. 
HEAOING ALTITUDE 
f7-J 6 4  COMPUTER 
AIASPEEO 
ENGINES LEVEL 1 
BRANCH ENG 1 ENGZ ENG3 ENG4 
STATE 1 0 1 1 
W e J i  
Figure 2. Display When Pilot Had Reacted To an Event i n  Engine Subsystem. 
The data collected was used i n  the queueing model of pilot  decision 
making i n  an unaided monitoring and control situation. The model gave a 
reasonable prediction of pilot  performance in performing subsystem tasks, 
suggesting that i t  was an adequate description of pilot  decision making i n  
t h e  given situation and that a similar model would be useful i n  the adaptive 
aiding system. 
Based on the experimental representation discussed above, a new 
experimental situation for adaptive aiding waa developed with the aiding 
program (i .e. ,  t he  Qomputer deciaion maker) and the ooordinator program 
(i.e., the on-off algorithm) added to the original system. Issues ooncerning 
the capability of the oomputer to perform the subsystem tasks, the 
communication linkage between the pilot and the oomputer, and the act ivi t ie8 
of t h e  ooordinatur deserve further disaussion. 
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The computer is assumed to be able to  perform monitoring and diagnostic 
check procedures using information from channels linked w i t h  subsystem 
computers and from t h e  data l i n k s .  It makes no errors such as  false alarms, 
missed events, or incorrect actions a f te r  i t  gains confidence i n  performing 
the task. The detection and service times are assumed constant. As for t h e  
service discipline among the subsystems, t h e  computer employs the same 
priority rule as  that used by the pilot. To be consistent i n  its back-up 
role, the computer probably adapts itself to  t h e  p i l o t  and avoids 
interference w i t h  him. To t h i s  end, t h e  pi lot  is allowed to  override any 
decision the computer has made. 
Without knowing what each other is doing, the pilot  and the computer may 
compete for t h e  same t a s k  or resource. The prospect of conflict between the 
two is highly Undesirable, since, i t  simply cause8 confusion, results i n  
higher workload and degraded performance. The question as to  how to design 
effective communication l i n k s  without increasing the pi lot ' s  workload becomes 
import ant . 
To inform t h e  pilot  of the computer's action, a succinctly displayed 
computer status indicator on or near the subsystem displays would seem to be 
satisfactory. Relevant information, i f  needed by t h e  pilot  for further 
details ,  may be ytructured into a hierarchical check-list prooedure. In the 
experimental situation shown i n  Figure 3, The 'NAV* S y ~ ~ b o l  over the 
navigation dial  flashed, if the computer decided that an event had occurred 
and was waiting to be serviced in t h e  navigation system. T h i s  was to  tell 
t h e  pilot  that he could take charge of t h e  navigation system and the computer 
would take aome other responsibility t o  avoid interferenae; otherwise, the 
symbol would continue to  flash for a total  period of four seconds u n t i l  t h e  
computer started interacting w i t h  the navigation system, resulting in a dim 
indicator showing i n  the navigation dial .  If t h e  pi lot  was i n  t h e  middle o f  
performing some other mbsystem check procedure, say, w i t h f n  the engine 
system, he would not see t h e  flashing 'NAV' symbol over the navigation d ia l ,  
The s ta tus  o f  the oomputer was then shown on the lower right hand corner o f  
t h e  CRT by an 'AIDING NAV' symbol (flashing during the interval o f  possible 
pilot  preemption}, i f  t h e  computer was awaiting preemption or interaating 
with the navigation subsystem. T h i s  oomputer status area was blank if the 
computer was not actively involved i n  the subsystems. 
Airborne pilot-to-computar aommunioation is, i n  general, more 
oomplicated. Problems involved inalude estimating and prooasaing signals as 
well as matching or recognislng system status. t o r  the purpoee of' the 
experiment reported here, however, t h e  communioation channel from the pilot  
to aybsystems wad predefined. For our experimental situation, these inoluded 
the keyboard input and stick response sampling (through an A/D oonverter). 
These channels provided the monitoring computer a way o f  determining i f  the  
pilot  was interacting with any portion o f  the system. X I  a number had been 
reoeived through keyboard, and the checklist was being procaassd then the  
pilot  had to be performing 8 aubsystea task. The deviation of stick.from 
normal position revealed that the pilot  was performing the oontrol tabk. 
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Figure 3. Display #en t he  Computer Is Servioing Navigation System. 
while the  oomputor had to  oonatantly oheck the  pi lot ' s  a c t i o n  t o  avoid a 
c o n f l i c t ,  the aoordinator had t o  synahronously oheak the subaystem states t o  
determine i f  there was any system ahange, The deois ion epoeh was when an 
event a r r i v a l  or departure  ocourrttd. Then the  aoordinator  ca lcu la ted  both 
the weighted sum o f  events  and the threshold.  The c r i t e r i o n  disuussed 
earlier waa uaed to determine i f  tho  computer was t o  be turned on a t  t h e  
arrival epoch or to be turned o f f  at oompletion epooh. 
Data, sampled aynchronousky ( W o e  per second) included aubsys tm 
a t a tua  and ~ t a t e s ,  au top i lo t  a ta tud ,  aircraft  BynarPio Variables, at iak and 
koyboard rebponaas, aoraputsr s t a t u a  and the threshold values.  
An experiment based on t h e  experimental representa t ion  desoribed above 
was aonducted. Eight t ra ined  subjects, a l l  of them laale atudent8 in 
engineering, par t io lpa ted  in a balanced sequerrae of s ix t een  exparisraotal ~ u n s  
(see Table 1) with different workload h v a l s .  Thia waa a o h i s v d  by QOnbinit3&$ 
three love la  o f  aont ro l  tS8k Involvaasnt (perfect r u t o g l l o t ,  manual con t ro l ,  
au top i lo t  with posaib1.e n1alfunation8) three l o v e l s  o f  subsystm event  
arrival,  rates (no a r r i v a l ,  low arrivall high a r r i v r l ) ,  and three l e v e l s  of 
availability o f  computer a id ing  (no a id ing ,  aiding with t i x i d  awitahing 
policy, and aiding with adapt ive polic3y). For eaoh experimental run,. the  
subjeot waa firat to ld  the  speo i f io  tasks t o  perfom, than a lhuinute  t r ia l  
was Blven, and a queationare wa8 t i l l ed  out  by t he  aubjeot.  
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Table 1, Design o f  Experiment. 
For tho  oxparinant runa w i t h  perfoot  au top i lo t ,  only -..e aubsystam task 
wa8 oonsidorod, An nautopi lo tn  kept  t h e  a i r a r a f t  on bourae and on rrchadula. 
Thasr run8 aerved as basel ine performano@ for the aubsyata~r  taak. In t ho  
manual cont ro l  runs,  t he  8ubJeat had t o  perform both  8ubsystea1 and con t ro l  
task. He was told tha t  the  oont ro l  task wab more important than t h o  
subaycrtam task. For tha  runs where au top i lo t  laaufunotiona were p08Abl0, the 
ttUt0pibOt Wa8 available durin8 @ O a t  O f  t he  @%pOPbsnt 8UQh that t h e  8UbjaQt 
wa8 not  required to f l y  the  a i rp l ane  except to ocaaafonally sheok au top i lo t  
perfomnco, Aa boon a8 he  deteotad an au top i lo t  oakfunction, whioh was 
ohrraotorf ted by tbs  a i rp l ane  deviat ing fro@ tho mapped COUFIIO a t  a rats of 
one dogroe por aecond, ha was required to take over t ho  f l i a h t  con t ro l  t.aak, 
lrnd fly t h e  a i rp l ane  baak to  the mapped oourrro. In th38 oaso, the a i r p l a n e  
would bock OR the dosired oourae as boon ab it flew within t h e  800-feet oval  
of  t h e  on-8ohedule airale, and the  au top i lo t  u d e  wa8 rmtomd. The 
au top i lo t  ra l funa t fon  happened relatively infrequent ly  baaad on a Poiaon 
d i s t r i b u t i o n  with mean i n t e r - a r r iva l  time of 160 aeconda. 
After the  p i l o t  detected t h e  a u t o p i l o t  malfunation, he would have to  
devote a major por t ion  of his  a t t e n t i o n  t o  t h e  aontrol t a s k ,  l eav ing  
subsystea tasks less attended, while risk and u n a e r t a i n t i e s  grew as subsystem 
evenk d e t e c t i o n  and s e r v i o e  were furShsr  delayed. This is one of many 
s i t u a t i o n s  i n  which a i r b o r n e  computer aiding i s  more valuable .  Also, i n  t h i s  
period, t h e  pilot.,s workload suddenly increased.  To adapt to  this t y p e  of 
ohsnge, a lower threshold va lue  can be used to reduoe subsystem service delay 
and p i lo t  workload. 
Baaed on t h i s  idea ,  two experiment run8 with a d a p t i v e  oomputer aiding 
were included I n  the  set of r u n s  w i t h  a u t o p i l o t  malfurrctions possible. 
Instead of us ing  Mr3 a l l  t h e  tilne as i n  t h e  fixed threshold policy, t h e  
adapt ive  pol icy  used M = l  whenever t he  p i l o t  was i n  manual mode. I n  t o t a l ,  
t h e r e  were seven experimental  runs w i t h  a u t o p i l o t  malfunction: one run w i t h  
no subsystem a r r i v a l  ( se rv ing  as a b a s e l i n e  performance for malfunction 1, 
two runs wfbh no aiding, two with fixed-threshold a i d i n g ,  and two with 
adapt ive  a id ing .  This arrangement allowed for t h e  evaluation for t h e  
e f fec t ivenesa  of computer a i d i n g  and f u r t h e r  t h e  b e n e f i t  of thd  adapt ive  
pol toy beyond tha t  o f  fixed a id ing .  
Three or more, depending on the  task  s i t u a t i o n ,  of t.he following 
performance measures were evaluated i n  ever;’ experimental  run: 
1) average delay i n  response and servicrd for subsystem event@, 
2) subsystem s e r v i o e  errors (e.g., f a l m  alarms, i n o o r r e o t  a o t l o n s ,  etc . ) ,  
3) 3-0 RMS and average Pl ight  oourse e!vors, 
4) f l i g h t  a o n t r o l  i n p u t s  inc luding  a i l e r o n ,  elevator, speed, etc. ,  
5 )  deteo t ion  and s e r v i o e  times for a u t o p i l o t  malf’unctbons, 
6 )  server ooaupanoy i n  terms o f  t h e  f r a o t t o n  of‘ time thg  s u b j a o t  waa 
7) s u b j e o t i v s  r a t i n g s  OF l e v e l  o f  affort  requi red  for  t h e  tasks and t h e  
performing e i t h e r  subsystem or o o n t r o l  tasks, 
d e s i r a b i l i t y  o f  oomputar a id ing .  
A l l  theae meaaures were obtained by analyalng t h e  aampbad data. The 
subsystem event  responae time was measured from the time of event  oocwrrenae 
t o  the time a t  whioh an  a c t i o n  was i n i t i a t e d .  Ths s e r v i o e  time was measured 
from the  time or last aot ion  i n i t i a t i o n  $0 t h e  time of a o t i o n  oollrpletion for 
the event ,  Tha waft ing time was measured from t h e  time of w e n t  ooourrenae 
t o  the time o f  a c t i o n  completion for the  event .  wai t ing  time i a  equal t o  the 
am OF responas tima and s e r v i c e  t lca  only whan the event  is aerviaad by one 
oervar and no lnoorreo t  a o t i o n  i s  tnsurrad.  The r e s u l t s  baaed on %he 
anslyaea of var ianca  are discussed i n  tha next  s r o f i o n ,  
RESULTS 
The subsystem event wai t ing  tbwaa averaged aaross aubjeotrr Far t h e  
var ious  t a s k  s i t u a t i o n s  are shown i n  Figure 4, An a n a l y s f a  o f  variancle 
oonduotsd showed that among t h e  s t s t i s t i o a l l y  s i g n i f i o a n t  ho to r s  ( a t  the .Q5 
leval) are the three experiment varbables ,  i - s . ,  t h e  o o n t r o l  mode, the 
oubaystra arrival rates, and the omputb~  s i d i n g .  A 8  expeoted, the s u b a y s t ~ m  
wait ing tinu inorbased as the  aubayrrtclan a r r i v a l  rate inoreaasd,  as the 
a o n t r o l  lnvc lveeent  inorearred, and when no ooaaputer a i d i n g  waa provided. A 
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separate tes t  showed t h s t  t he  adapt ive  pol icy  was a l s o  s i g n i f i c a n t ,  i .e.,  the  
adapt ive a i d i n g  Further  reduced t h e  subsystem wai t ing  time beyond the  
fixed-threshold a id ing ,  even though t h e  a d a p t i v e  p o l i c y  was only  e f f e c t i v e  
during a small por t ion  of time i n  the experiment. 
The s u b j e c t i v e  r a t i n g s  of the l e v e l  o f  effort  across s u b j e c t s  are shown 
i n  Figure 5 Fac tors  of s i g n i f i c a n c e  inc lude  a l l  three experiment v a r i a b l e s .  
As expected, t he  perceived l e v e l  o f  e f f o r t  increased  as c o n t r o l  involvement 
increased,  as subsystem a r r i v a l  increased,  and as computer a i d i n g  was 
removed. However, a separate test showed t h a t  t h e  effect of t h e  adapt ive  
pol icy was not  s i g n i f i c a n t ,  probably because the adapt ive  pol!.cy was employed 
rather inf requent ly ,  and when it was being used, the  s u b j e c t s  u s u a l l y  were 
too irlvolved with r e s t o r i n g  the a u t o p i l o t  to  n o t i c e  t h e  fact t h a t  t he  
comput,?r f . 1 ~  helping more o f t e n  then usual.  
I 1 
..i o.w(x, O.Olfl7 0.0333 
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Figure 4 Average Subsystem Delay. Figure 5 Subjec t ive  Ratings o f  E f f o r t .  
The RMS course error across s u b j e c t s  is shown i n  Figure 6. The a n a l y s i s  
of var iance showed t h a t  only c o n t r o l  mode had an effect on t h e  c o n t r o l  error. 
No c o n s i s t e n t  v a r i a t i o n  i n  the course error was shown as subsystem a r r i v a l  
rate or a id ing  s i t u a t i o n  var ied.  The lover  course RMS error f o r  the  
a u t o p i l o t  malfunction mode probably r e s u l t e d  from s u b j e c t ' s  more i n t e n s e  
a t t e n t i o n  t o  t h e  c o n t r o l  task i n  the case of malfunction. 
The RMS r o l l  angle  a c r o s s  s u b j e c t s  is shown i n  Figure 7. Also, only 
cont ro l  mode had a s i g n i f i c a n t  e f f e a t  on the c o n t r o l  input .  The s u b j e c t s  
were found to  use more extreme c o n t r o l  a c t i o n s  and more a t t e n t i o n  to  f u l f i l l  
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the malfunction task requirements, Sumarizing the above, systems that are 
designed to relax control requirements, such as the autopilot, seem to 
improve both control and subsystem performance, while systems that are 
designed to relax subsystem requirement, such as computer aiding or highly 
reliable subsystems, seem t;o improve only subsystem performance, The 
possible reason for this is that the control task perempts subsystem tasks, 
and thus, the control task inefficiency is likely to affect the performance 
0.5 
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Subsystem tasks; the reverse is not true. 
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Figure 6. RMS Course Error. Figure 7. RMS Roll Angle. 
Subjective ratings of three as?ects of computer aiding were also 
determined: effectiveness, desirability of the aiding, and ease of 
interaction with the aiding. The results indicate that the aiding was 
considered easy to interact with and desirable by the subjects. Its effeat 
on performance improvement was perceived to be from moderate to large. The 
subjects perceive the aiding to be relatively more effective and more 
desirable with a high subsystem arrival rate or a high control involvement 
situation. They, houever, did not feel that it was more difficult to 
interact with the aiding in those situations. In fact, all the subjects were 
quite in favor of both the aiding scheme used in the experimental situation 
and the general oomputer aiding idea. More analyses of performance measures 
are disaussed by Chu in his thesis 171. 
The empirioal data were oompared with simulation results from the 
queueing model of pilot decision making in computer aided situation discussed 
earlier. This allowed an evaluation of the model's ability to represent the 
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, given s i t u a t i o n .  The comparison of subsystem wai t ing  s ta t i s t icd  is shown i n  
Table 2. 
, 
Table 2. Comparison of Waiting Tiue. 
Arrival  Aidlng Mean - Standard Deviation 
Rate Type Model Data Model Data 
Autopilot  Mode 
Lou No Aiding 9.73 9.71 5.39 6.04 
High No Aiding 14a71 15.79 13.46 14.21 
Low Aiding 9.34 9.82 , 4.30 5.13 
High Aiding 13.79 13.16 12.00) 7.43 
Manual Mode 
tow No Aiding 20.13 
Low Aiding 17.56 
High Aiding 19.58 
Autopilot  Mal funotion Mode 
Low Aiding 11.13 
Low Adaptive Aiding 10.25 
High Adaptive Aiding 12.32 
High No Aiding 32 87 
Lou No Aidring 12.00 
High No Aiding 17.47 
High Aiding 13.66 
23.62 
27.&1 
17.17 
19.19 
14.25 
12.84 
10.68 
19.03 
15.52 
13.25 
16.24 
10.26 
11.85 
45.51 
8.85 
6*79 
,4.91 
18.96 
8.52 
7.10 
23 53 
13.31 
28.64 
12.17 
13.81 
10.52 
5.52 
21.16 
11.55 
8.33 
I n  t h e  model, a Poison d i s t r i b u t i o n  o f  c o n t r o l  event  a r r i v a l s  and an  
Erlang d i s t r i b u t i o n  of c o n t r o l  s e r v i c e  times with shape parameter k=2,were 
assumed. To genera te  the r e s u l t s  i n  Table 2, the  va lues  of 0.1 sec- ( i n  
manual mode) and 0.16 ( i n  malfunction mode) were used as mean c o n t r o l  a r r i v a l  
rates, and 0.47 and 0.34 as mean a o n t r o l  s e r v i c e  rates. These v a l u e s  were 
obtained by analyzing s u b j e c t ' s  a i l e r o n  c o n t r o l  i n p u t  and, s e r v e  as a first 
approximation 
The r e s u l t s  compare reasonably well, A l l  parameters i n  t h e  model were 
empir ica l ly  measured and no adjustments were madeb The model predicts 
performance i n  a u t o p i l o t  mode very well. A better estimate of c o n t r o l  task 
parameters w i l l  s u r e l y  improve the  model accuracy i n  manual c o n t r o l  and 
a u t o p i l o t  malfunction modes. 
CONCLUSION 
The experimental  r e s u l t s  show tha t  a l l  the  experimental  v a r i a b l e s ,  i .e.,  
t h e  subsystem a r r i v a l  rates, t h e  c o n t r o l  t ask  involvement, and t h e  
a v a i l a b i l i t y  of computer a i d i n g ,  were s ta t is t ical ly  s i g n i f i c a n t  i n  terms of 
a f f e a t i n g  the performance measures of i n t e r e s t ,  mainly, t h e  subsystem delays,  
and s u b j e c t i v e  effort r a t i n g s .  It was shown t h a t  the  a i d i n g  enhanced system 
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performance i n  terms of subsystem average delays and sub j e o t i v e  e f f o r t  
ra t ings .  The adaptive a id ing  pol icy was shown to  fu r the r  reduce subsystem 
waiting time. 
The queueing model fits the  experiment result reasonably well. Further 
explorat ion o f  cont ro l  task preemption is needed t o  improve model accuracy. 
The model a l s o  provides t h e  capab i l i t y  t o  predict the server  occupancy for 
d i f f e r e n t  task s i tua t ions .  Included i n  the  fu tu re  work w i l l  be a test o f  the  
co r re l a t ion  between t h i s  s e rve r  occupancy measure and the subjec t ive  e f f o r t  
r a t i n g s  to  determine i f  t h i s  measure may e f f ec t ive ly  serve  as a workload 
ind ica tor .  
F ina l ly ,  the computer-aided f l i g h t  management s i t u a t i o n  w i l l  next  be 
implemented i n  an aircraft simulator where regular  p i l o t s  w i l l  be used as 
sub j eo t s .  
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Abstract  
This paper ou t l ines  the r e s u l t s  of a series of experiments designed t o  
evaluate  the  u t i l i t y  of time est imat ion as a secondary measure of p i l o t i n g  
workload. 
length and v a r i a b i l i t y ,  whereas r e t rospec t ive ly  produced i n t e r v a l s  decreased 
i n  length although they a l s o  increased i n  v a r i a b i l i t y  wi th  the addi t ion  of a 
v a r i e t y  of f l i gh t - r e l a t ed  tasks.  If p i l o t s  counted aloud while making a 
production, however, the impact of concurrent a c t i v i t y  w a s  minimized, a t  
least f o r  t h e  moderately demanding primary t a sks  t h a t  were selected.  
e f f e c t s  of feedback on est imat ion accuracy and consis tency were g r e a t l y  
enhanced if a counting o r  tapping production technique was used. 
compares with the  minimal e f f e c t  t h a t  feedback had when no over t  timekeeping 
technique was used. 
Actively produced i n t e r v a l s  of time w e r e  found t o  increase i n  
The 
This 
Actively made verba l  estimates of sess ions  f i l l e d  with d i f f e r e n t  a c t i v i -  
ties decreased i n  length as the  amount and complexity of a c t i v i t i e s  performed 
during the  i n t e r v a l  were increased. 
however, increased i n  length as the  amount and complexity of a c t i v i t i e s  
performed during the  i n t e r v a l  were increased, 
suggestion t h a t  time est imat ion provides a usefu l  index of the  workload 
involved i n  performing concurrent tasks.  
Retrospectively made verba l  estimates, 
These results support t he  
* 
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UTRODUCTION 
c 
The workload involved i n  performing d i f f e r e n t  manual cont ro l  and decis ion 
making’tasks is o f t e n ’ d i f f i c u l t  t o  measure within a s i n g l e  t a sk  o r  t o  compare 
between d i f f w e n t  tasks. It is d i f f i c u l t  t o  i n f e r  an  operator’s  workload from 
.* h i s  measurable performance because: 1) individuals  may compensate for addi- 
t i ona l  task load by working harder, resu l t ing  i n  l i t t l e  measurable va r i a t ion  
i n  per fohance  and 2) the  t o t a l  workload is composed of a v a r i e t y  of subtasks 
s&h $that  performance on any one may o r  may not  r e f l e c t  varying degrees of 
task load i n  the others ,  
may be required t o  determine subtask-specific va r i a t ion  i n  workload. 
d\ I 
I n  addi t ion,  d i f f e r e n t  measurement techniques 
The purpose of t h i s  research program was t o  develop a ba t t e ry  of 
primary task indices  and unobtrusive secondary tasks  t h a t  would specif-  
i c a l l y  measure the  load imposed by d i f f e r e n t  subtasks t h a t  make up the 
t o t a l  p i lo t ing  task  i n  order t o  measure the ove ra l l  workload i n  real and 
simulated f l i g h t .  
index of primary task  workload. 
load the operator t o  determine h i s  remaining capaci ty  t o  perform addi t iona l  
tasks while performing the primary task. However, i t  was decided t h a t  t a sks  
selected f o r  inclusion i n  the workload assessment ba t t e ry  should be unobtru- 
s ive  and measure primary task load with minima: interference.  
should be similar t o  tasks  t h a t  are normally performed i n  f l i g h t ,  e a s i l y  
learned, implemented and scored, 
Performance on secondary tasks  is o f t e n  used as  an  
Secondary tasks  t h a t  are commonly used o f t en  
The tasks  a l s o  
The , resu l t s  of t h i s  research have suggested time est imat ion as one 
such secondary measure of the cognitive demands of p i lo t ing  because i t  has 
been shown t h a t  a n  individual’s a b i l i t y  t o  estimate i n t e r v a l s  of time va r i e s  
as a function of concurrent task load, Time est imat ion is a task  t h a t  is 
normally performed i n  f l i g h t ,  
and scored and is not a l t e r e d  by repeated presentat ions unless  knowledge of 
results i s  given, 
It is unobtrusive, e a s i l y  learned, implemented 
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Intra-  and Inter-Subject Var i ab i l i t y  
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. I  
Although indiv idua ls  tend t o  b e  cons is ten t  i n  the  length of t h e i r  
time est imates ,  there  are large d i f fe rences  among d i f f e r e n t  individuals .  
For t h i s  reason, each subjec t  should be used as his?own control :  estimates 
obtained under d i f f e r e n t  condi t ions of primary t a s k  Load can be most e a s i l y  ' 
and unambiguously analyzed by comparison with estimates obtained from the  
sape subjec t  i n  the absence of concurrent task  demands. Individual  es t imat ion 
accuracy seems t o  be a less important measure than are the  d i r ec t ion  of change 
i n  the  length of estimates and the  increase i n  v a r i a b i l i t y  of estimates with 
the addi t ion  of a primary task,  
Estimation Measurement Method 
Four methods have been used extensively t o  measure an ind iv idua l ' s  
a b i l i t y  t o  estimate o r  produce spec i f ied  i n t e r v a l s  of clock time. 
verba l  es t imat ion method requi res  t h a t  ind iv idua ls  voca l ize  or record 
t h e i r  judgement of the  durat ion of an opera t iona l ly  presented in t e rva l ,  
The production method requi res  t h a t  subjec ts  physical ly  generate  an 
in t e rva l  whose durat ion i s  spec i f ied  by the  experimenter. 
duction method, which combines elements of verba l  es t imat ion and produc- 
t ion ,  requi res  the  operat ional  production of an i n t e r v a l  whose durat ion 
was presented operat ional ly .  
r e l a t i v e  judgement between the durat ions of two or more opera t iona l ly  
presented in te rva ls .  
The 
The repro- 
The method of comparison involves a 
Estimation Mode 
Rather than being perceived d i r e c t l y ,  the temporal aspects of 
experiences are infer red  or  deduced from the events  t h a t  occur i n  
time, Man has adopted objec t ive  standards and labels t o  allow 
quant i f ica t ion  of and communication about temporal experiences because 
of the  d i f f i c u l t i e s  involved i n  dealtng with time i n  the  abs t r ac t ,  
Individuals  represent  durat ions subjec t ive ly  by co r re l a t ing  personal ly  
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experienced evencs with objec t ive  t e ipo ra l  standards or  ru l e s ,  such as 
clocks. 
Active Mode 
When individuals  must produce a spec i f i c  durat ion o r  verba l ly  
* 
estimate the length of a presented interval unaided by an objec t ive  
timing device, they may r e l y  on impressions of pas t  events  o r  mentally 
o r  physically replay o r  generate a sequence of events  t h a t  is believed 
t o  las t  a s p e c i f i c  i n t e rva l  of time i n  order t b  make the temporal 
dimension of the in t e rva l  concrete. 
re fe r red  to as ac t ive  est imat ion ( r e f ,  1). 
This mode of est imat ion has been 
Retrospective mode 
Individual8 may a l s o  make temporal estimates without a t tendin& t o  
time as it  passes. They may est imate  the durat ion o f  an  i n t e r v a l  a t  
its conclusion by comparing the nurnber and complexity of events  t h a t  
occurred during the i n t e r n a l  with remembered durat ions of i n t e r v a l s  
s imi la r ly  f i l l e d  (ref, 2). This  mode of estimation has been re fer red  
to as re t rospec t ive  est imat ion (ref, l), 
Influence of Concurrent Act ivi ty  on Active Estimation 
The a t t en t ion  demanded by concurrent a c t i v i t y  tends t o  i n t e r f e r e  
with active, estimation. 
estimation, time passes unnoticed 80 t ha t  individuals  may wait: too 
long t o  tanninate  a productian or verba l ly  underestimate the  length 
of  the in t e rva l ,  
Whenever a t t en t ion  is diver ted from ac t ive  
Active prsduct ians  
Hart and McPherson (ref. 3) and Hart and Simpson (ref. 4) have 
shown t h a t  subject8 do indeed wait too long to  terminate t h e i r  pro- 
ductione when d i s t r ac t ed  from a c t i v e  time estimation by smpet ing  
eiraple compensatory t racking tasks  ( f ig .  1) ar speech recognition. 
A series of s ty l i zed  representat ions of the mean length of 10 8ec 
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Figure 2. 
REPRESENTATIVE DISTRIBUTIONS OF 1OlSEC PRODUCED 
DURATIONS: INFLUENCE OF CONCURRENT ACTIVITY 
NO CONCURRENT TASK 
x -9.89 
SD - 1.13 
RECOGNIZING FAMILIAR 
SYNTNESIZED WARNING 
MESSAGES 
TZ -12.09 
SR- 1.00 
MON ITORl NO 
CONTINUOUS WX 
x -13.36 
SD- 1.10 
UNSUCCESSFULLY TRYING 
TO RECOGNIZE UNFAMILlAR 
SYNTHESIZED WARN1 NS 
t4 €SAG ES 
= 14.98 
SD- 1.19 
COMPENSATORY 
TRACKING TASK 
x - l4,47 
SD- 3.00 
SIMULATED FLIGHT 
x m 8 . 6 0  
10 16 26 SD- 1.14 
8wonds 
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Figure 3. 
RATIO OF VERBALLY ESTIMATED DURATION 
TO ACTUAL SESSION LENGTH (n=9) 
T!ME TRACK INO TINE 
PRORUCTlON PROOUCTION 
AND TRACKING 
TASK PERFORMED DURING THE SESSION 
productions obtained under d i f f e ren t  experimental conditions is given i n  
figure 2, 
and was drawn to include three standard devtations about the  obtained mean. 
As the demands of the concurrent tracking and recognition tasks  were increased, 
the length of produced durations increased by 4 sec or more arid t he i r  
va r i ab i l i t y  mare than doubled. Other, l e se  demanding concurrent tasks, such 
a6 monitoring eontinuoua aviat ion weather broadcasts, were also rrarrociated 
with an increase i n  the cent ra l  tendency and v a r i a b i l i t y  of estimate 
dis t r ibu t ions ,  but t o  a lesser degree, as one would expect from their lass 
demandin6 nature. 
Each d is t r ibu t ion ' s  shape approximates t h a t  of actual data obtained 
Active verbal estimatsrr 
found tha t  act ively made verbal estimates decreased i n  l ength  w i t h  
the addition of e i the r  a simple cornpensstory tracking task (fig. 3) 
or a complex multi-manned f l i g h t  simulation ( f & *  Ib). The mors 
d i f f i c u l t  levels OS each cask were associated wi th  the shortest  
ac t ive  verbal estimates, 
ac t ive  verbal eatinration and ac t ive  production are rec ip roca l ly  
related, and the  obsgrved dixclctitmrr of change i n  eetirnated and pro- 
duced duration8 are both t h e  consequenca of underas tha t ion  of the 
passage of tinra, 
Hart (ref .  5 )  and Hart, McPheraon, Kreifeldt ,  and Wernpe (ref. 6 )  
This is conaistent with t h e  finding tha t  
. Xnflusnce sf Concurrant Activity On Rctrospac tive E s t h a t i o n  
As t h e  a t ten t ion  demands o f  e primary task increaaea, there  is lass 
and lest3 attention available for  time s e t b a t i o n ,  When ac t ive  estimation 
bcosaas dmpsssible. the xrtrospactiva anode of astimatdon bacmes n~cessary,  
Here, one presumably rs&amkrs the  events t h a t  occurred during the in te rva l ,  
campare; them t o  other experiences wi th  known duration, end than verbalgy 
estimates the Burstdon ~f t h e  intaard or  decidea whethat or not i t  is 
t h e  t o  terminate 6. production, As tha number and cmpldxi ty  of  events 
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Figure 4 
A. PROPORTION OF VERBAL ESTIMATES OF THE DURATlON OF FINAL 
APPROACHES THAT PILOTS REPORTED MAKING ACTIVEL r' AND 
RETROSPECTIVELY (n = 9) 
1-1 EASIER APPROACHES r r A  MORE DIFFICULT APPROACHES 
RETROSPECTIVE 
b ACTIVE 
REPORTED ESTIMATION MODE 
6. AVERAGE RATIO OF ESTIMATED DURATION TO ACTUAL DURATION 
FOR ACTIVE AND RETROSPECTIVE ESTIMATES 
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t h a t  f i l l  t he  i n t e r v a l  are increased, there  is a tendency toward over- 
est imat ion of the  amount of time t h a t  has passed r e su l t i ng  i n  the termina- 
t i o n  of produced durations too soon o r  the  verba l  overestimation of elapsed 
time. Note t h a t  the d i r ec t ions  of change i n  re t rospec t ive ly  ve rba l ly  
estimated and produced durat ions are the  opposi te  of those obtained with 
active est imat ion and production and aga in  the  length of ve rba l  estimates 
and productions are rec iproca l ly  r e l a t ed .  
Retrospective productions 
Hart and McPherson ( r e f .  3) have shown t h a t  the  c e n t r a l  tendency of 
10 sec productions, obtained from p i l o t s  during simulated f l i g h t ,  decreased 
in length,  as predicted,  and the  v a r i a b i l i t y  of the  produced dura t ions  
increased i n  comparison t o  estimates obtained with no competing a c t i v i t y .  
( f ig .  5) P i l o t s  reported t h a t  active est imat ion was d i f f i c u l t ,  r e su l t i ng  
i n  t h e i r  use of the  re t rospec t ive  mode, 
t i v e l y  made productions were a l s o  pos i t i ve ly  skewed due t o  a few very long 
estimates which resu l ted  from the  est imat ion t a s k  occasional ly  being 
forgot ten  under conditions of high concurrent t a sk  load. 
The d i s t r i b u t i o n s  of re t rospec-  
Retrospective verba l  estimates 
Following a complex multi-manned s imulat ion f l i g h t ,  ( re f .  6) p i l o t  
indicated t h a t  66% of t h e i r  estimates of the length of time taken t o  f l y  
the f i n a l  two miles of an approach were made re t rospec t ive ly  and t h a t  the 
proportion of re t rospec t ive ly  made estimates increased as the  d i f f i c u l t y  
of the approach increased. ( f ig .  4a) Retrospectively macle estimates 
were cons is ten t ly  longer than were estimates t h a t  p i l o t s  reported t h a t  
they had made ac t ive ly  as predicted.  ( f i g ,  4b) 
In te rac t ion  of Estimation Technique and Concurrent Task 
Within tha ac t ive  mode of est imat ion the re  are many timekeeping 
techniques ava i lab le ,  A standardize', rhythmic temporal metric (such as 
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tapping) not  only f i x e s  an individual ' s  a t t e n t i o n  on the  t i m e  es t imat ion 
task,  which is otherwise d i f f i c u l t  t o  do f o r  a t a sk  as a b s t r a c t  and 
stimulus-def i c i e n t  as time est imat ion,  but  a l s o  provides a concrete,  
repeatable  way t o  keep t r ack  of time. 
not external ized,  however, are more e a s i l y  disrupted by addi t iona l ,  
more compelling act ivi t ies  and are less s t a b l e  across  time, 
of t he  est imat ion techniques that subjec ts  have reported using t o  keep 
t rack  of time include counting, tapping, mentally replaying 
a phrase of music estimr.ted t o  have the appropr ia te  durat ion,  mentally 
rehearsing the  pre-f l ight  check l i s t  f o r  a he l icopter ,  counting hea r t  
bea t s  or breaths ,  p ic tur ing  the  d i a l  of a clock with a second hand moving 
around it ,  o r  " jus t  waiting" f o r  10 sec. 
t h a t  are external ized,  such as counting, provide standard,  repeatable  
u n i t s  with which t o  mark off  intervals of time re su l t i ng  i n  improved 
est imat ion s t a b i l i t y .  
judged t o  have the appropr ia te  durat ion r e su l t ed  i n  less s t a b l e  
productions, because the i n t e r v a l  t ha t  was repeated may o r  may not  have 
l a s t ed  the appropriate  duration. Further,  i t  is  d i f f i c u l t  t o  cont ro l  
the  rate a t  which one's mind s t eps  through a memory. 
Timekeeping techniques t h a t  are 
Some 
Of these techniques, those 
Mental rehearsa l  of remembered experiences 
Hart, Loomis and Wempe ( r e f ,  7) found t h a t  when a t t e n t i o n  was 
focused on a time production task by requir ing sub jec t s  t o  rhythmically 
count aloud 1-sec intervals, production accuracy and consistency were 
not a f fec ted  by the  addi t ion  of a concurrent task. ( f ig .  6 and f i g .  7) 
With no .overt counting, however, the  length and v a r i a b i l i t y  of produced 
d u r a t i m s  increased s i g n i f i c a n t l y  with the  addi t ion  of a t racking task ,  
r ep l i ca t ing  earlier r e s u l t s  ( re f .  3). Because performance on the track- 
ing t a sk  was the same with both productions techniques, i t  appears t h a t  
the s h i f t  i n  a t t e n t i o n  away from time production found with the  no-counting 
technique was not because subjec ts  could not inna te ly  perform both t a sks  
but merely tha t  they i n  f a c t  did not. When a t t e n t i o n  was focused on the 
'r time production task by the counting technique, production accuracy was 
not degraded and there  was no concomitant degredation of t racking task  
performance. 
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Figure 6. 
REPRESENTATIVE DISTRIBUTIONS OF PRODUCED 
DURATIONS: INTERACTION BETWEEN ESTIMATION 
TECHNIQUE AND INFLUENCE OF CONCURRENT ACTIVITY 
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Figure 7. 
DURATIONS OF THE 7 PRODUCTION MADE BY EACH 
SUBJECT UNDER SIX EXPERIMENTAL CONDITIONS 
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It is l i k e l y  t h a t  more demanding concurrent a c t i v i t y ,  such as 
simulated f l i g h t ,  would a l s o  impact the consistency of durat ions 
produced with a counting technique. 
with the moderately demanding tracking t a sks  t h a t  were used. 
However, no such e f f e c t s  were found 
In te rac t ion  of Estimation Technique and Feedback 
I f  the a b i l i t y  t o  estimate and produce i n t e r v a l s  of time is learned, 
then it  is l i k e l y  tha t  knowledge of r e s u l t s  (feedback) should enhance 
timekeeping accuracy and consistency. In  addi t ion ,  t he  use of est imat ion 
techniques t h a t  provide rhythmic d iv i s ion  of an i n t e r v a l  i n t o  standard,  
repeatable  u n i t s  should focus a t t e n t i o n  on timekeeping and make the  
temporal dimension of the i n t e r v a l  more concrete,  thereby enhancing 
an individual’s  a b i l i t y  t o  take advantage of feedback. 
I n  a recent  study, Hart, Loomis and Wempe ( r e f .  8) found t h a t  
individuals ,  using est imat ion techniques tha t  did not  involve some s o r t  
of over t  counting, made less e f f i c i e n t  i n i t i a l  use of feedback and d id  
not experience any long term bene f i t s  from feedback. Overall accuracy 
of 10-sec product€ons, but no t  v a r i a b i l i t y ,  was improved s i g n i f i c a n t l y  
by the  presentat ion of feedback, with a rap id  r e t u r n  t o  prefeedback 
performance l eve l s  when feedback was removed. ( f i g ,  8 and f i g ,  9). 
During feedback, subjec ts  repeatedly overcorrected.  
production was too long, the  next production was typ ica l ly  too shor t  and 
vice versa.  
subjec ts  were unable t o  estimate accurately from t r i a l  t o  t r ia l  even 
though t h e i r  estimate durat ions appeared t o  be accurate overa l l .  I f  
the  sub jec t s  were ins t ruc ted  t o  rhythmically tap  a button a t  l-sec 
i n t e r v a l s  i n  order t o  produce a series of 10-see durat ions,  both 
accuracy and v a r i a b i l i t y  were improved s i g n i f i c a n t l y  by the  addi t ion  
sf f sedhak.  
addi t iona l  trials a f t e r  feedback was removed. 
technique, sub jec t s  Wore a b l e  t o  maintain cons is ten t  and accurate 
est imates  from t r ia l  t o  trial, and did not  overcorrect  as they had 
I f  t o ld  t h a t  one 
Even a f t e r  30 trials with feedback following every production, 
This improvement pers i s ted  f o r  a t  least as long as 30 
With t h i s  production 
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Figure 8. 
REPRESENTATIVE DISTRIBUTIONS OF 1OISEC PRODUCED 
DURATIONS: INFLUENCE OF KNOWLEDGE OF RESULTS 
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with t h e  no-counting technique, 
a l l y  noc only provides a standardized repeatable  temporal metric,  but 
a l s o  fixet subjec t ' s  a t t e n t i o n  on the  t i m e  production task,  which 
together con,bine t o  enable sub jec t s  t o  use feedback more e f fec t ive ly .  
The d a t a  suggest t h a t  tapping rhythmic- 
Conchs  ion  
As a r e s u l t  of the  foregoing research e f f o r t ,  s eve ra l  recommendations 
can be made concerniiiq the  use of time est imat ion as a secondary 
measure of the  a t t e n t i o n  demands of a primary task.  
Method 
The production of br ie f  intervals of time appears t o  be the most 
usefu l  experimental method. The dur- 3n and v a r i a b i l i t y  of time 
productions i n  the range of 1 t o  50 sec have been shown t o  r e f l e c t  the 
a t t e n t i o n  demands of primary manual control ,  message recogni t ion,  and 
simulated f l i g h t  tasks.  Relat ively br ie f  intervals should be used so 
t ha t  the primary task  load remains reasonably uniform and descr ibable  
during the  produced in te rva l .  
The verba l  es t imat ion method also shows some promise as a secondary 
measure of primdry task workload. Its primary advantage over the production 
method is ease of implementation, Its primary disadvantage is t h a t  subjec ts  
tend t o  round off t h e i r  estimates, thereby losing precis ion,  and t h e i r  
responses tend t o  become stereotyped i f  a number of estimates are required.  
This method appears t o  have some value,  but is less s e n s i t i v e  than the 
method a€ production. 
Mode -
E s t h a t i o n  mode ( a c t h e  or r e t rospec t ive  production or verba l  esti- 
mation) must a l s o  be control led or i den t i f i ed  t o  obta in  r e l i a b l e  and 
clear results with a time est imat ion task. Because re t rospec t ive  produc- 
t ions  decrease i n  length with increasing t a sk  load whereas a c t i v e  pxoduc- 
t ions  increase in length,  care  must be taken ta i d e n t i f y  the mode of 
production used. I f  re t rospec t ive  and a c t i v e  productions are combined 
in an ana lys is ,  t h e i r  d i r ec t ion  of change with t h e  addi t ion  of another 
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t a sk  would tend t o  cancel out  masking de ta i l ed  changes in the  under- 
lying processes. 
Technique 
Timekeeping techniques t h a t  are not external ized are most e a s i l y  
disrupted by concurrent t a sk  demands and thus provide the most usefu l  
measure of primary t a sk  demands. 
as a measure of workload, sub jec t s  should not be allowed t o  use any over t  
time est imat ion technique such as tapping o r  counting. 
accuracy and consistency are required,  however, an over t  timekeeping 
technique should be used. Further research is required t o  determine 
a t  what level of concurrent task load the over t  es t imat ion technique 
Thus, i f  time production is t o  be used 
I f  es t imat ion 
would a l s o  be disrupted 
Feedback 
I f  an over t  timekeep-ig technique is  used, feedback is  e f f e c t i v e  
in reducing both e r r o r  and v a r i a b i l i t y  a f t e r  only two o r  th ree  r epe t i t i ons ,  
and the e f f e c t s  of feedback last long a f t e r  i t  has been removed. With no 
overt timekeeping technique, however, es t imat ion e r r o r  i s  reduced only on 
the average, and v a r i a b i l i t y  remains high with a rapid r e t u r n  t o  pre- 
feedback error l eve l s  following removal of feodback. 
Data Analysis 
Time est imat ion performance is best evaluated r e l a t ive ly .  That is, 
the amount and d i r ec t ion  of change i n  es t imat ion accuracy and consistency 
observed in the presence of  add i t iona l  primary t a sks  should be compared 
t o  estimates obtained from the same subjec t  with no add i t iona l  a c t i v i t y .  
Care should alao be takan t o  s e l e c t  the appropriate  measures of c e n t r a l  
tendency and v a r i a b i l i t y  8s d i s t r i b u t i o n s  of time productions are o f t en  
pos i t ive ly  skewed, p a r t k u l a r l y  when obtained i n  the  presence of campeting 
coilcurrent a c t i v i t y .  
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